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Suite aux révolutions industrielles des années 1800 et à l’industrialisation qui en 
découlait, il y a eu une réjection massive de composés polluants aussi bien organiques 
qu’inorganiques dans l’environnement .Parmi ces polluants, le cadmium est 
particulièrement dangereux dû à sa grande toxicité pour le monde vivant. Le cadmium 
peut induire des sérieux dommages dans les plantes qui l’accumulent facilement. Une 
pollution des terres agricoles risque d’amener le métal toxique dans la chaîne 
alimentaire et le cadmium peut ainsi poser un risque important pour la santé publique. 
Les peupliers, comme membre des Salicaceae, possèdent une certaine tolérance à ce 
polluant et ils accumulent des quantités significatives dans les parties aériennes, 
faisant de cette plante un candidat prometteur pour des projets de phytorémédiation. 
L’impact  métabolique et physiologique du cadmium on fait l’objet de nombreuses 
études sur le terrain ou bien dans des conditions bien contrôlées au laboratoire. La 
plupart de ces études cependant, se sont focalisées sur des aspects bien précis. 
Aujourd’hui, avec l’apparition de techniques permettant l’étude globale du 
transcriptome ou du protéome, il est possible d’aborder les études du stress de 
manière beaucoup plus exhaustive.
Dans le cadre de ce travail, des études protéomiques des effets à court terme et  à plus 
long terme du cadmium sur les processus foliaires et racinaires du peuplier ont été 
effectuées. Cette technique, complétée par des approches biochimiques 
physiologiques, et des observations morphologiques, ont permis d’obtenir des 
résultats sur les mécanismes métaboliques sous-jacentes à une première réponse au 
stress.
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Les études à plus long terme et comparatifs entre processus foliaires ainsi que 
racinaires, ont aussi données des indications sur les mécanismes de tolérance plus 
générales permettant aux plantes d’accumuler du cadmium dans les parties aériennes.
Parmi les résultats, des effets négatifs ont été constaté sur des processus cellulaires 
importants tel que la photosynthèse, ainsi que le système antioxydant; ces résultats 
sont en relation directe avec l’inhibition complète de la croissance.Des résultats 
similaires ont pu être observés dans les racines, avec la différence que le stress 
semblait être beaucoup plus prononcé. Les résultats d’une étude finale qui combinait 
deux stress différents (cadmium et exposition au froid, 4°C) d’une manière contrôlée 
permettaient de distinguer les réponses spécifiques à l’exposition au cadmium des 
réponses plus globales au stress. L’exposition au cadmium avait  un impact beaucoup 
plus sévère sur la survie de la plante, si on ajoute des contraintes supplémentaires.
Dans les pages de ce document, les procédures, résultats et conclusions de ce
travail seront présentés en détail.
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English abstract
The industrial revolution in the 1800s and the subsequent industrialization had the 
consequence of an anthropogenic release of many organic and inorganic pollutants. 
Among these pollutants, cadmium is very problematic due to its high toxicity. It can 
induce significant damage to the vegetation and an accumulation in farmland 
introduces the pollutant  into the food chain. This creates a possible major health risk 
for humans. Poplar plants, as a member of the Salicaceae family, seem to possess a 
certain tolerance to this toxic metal and accumulate significant amount in their aerial 
parts, making poplar a possible candidate for phytoremedation. The metabolic and 
physiological impact of cadmium have been studied as well in field trials as in 
controlled laboratory conditions, but mostly in clearly  targeted studies focusing on a 
few key  aspects. The recent advent of more global techniques such as transcriptomics 
and proteomics, make it possible to obtain new results. 
In the thesis presented here, a proteomic study of the short-term and long-term effects 
of cadmium on poplar leaf and roots metabolic processes in controlled laboratory 
conditions was carried out. With the help  of this technique, complemented with 
biochemical and physiological approaches and with morphological observations, it 
was possible to obtain results on the stress-coping mechanisms underlying an acute 
first response, but also on the more general adaptation mechanism which make it 
possible for the poplar plants to tolerate significant amounts of cadmium. Results 
showed a negative impact on important  cell processes like photosynthesis and ATP 
synthesis and the antioxidant system, explaining the impaired growth. Similar results 
could be obtained in roots, although the stress seemed much more acute, as evidenced 
by the stronger accumulation of typical stress proteins (i.e. heat shock proteins). In a 
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final set of experiments a controlled combination of two stresses (cadmium and non-
lethal chilling stress; 4°C)  allowed separating specific cadmium responses from a 
more general stress response. Cadmium had a much more severe impact on plant 
survival when combined with an additional constraints. In this present work, the 
procedures, results and conclusions obtained are presented in detail. 
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1.1. Plants and extreme environments
Plants are very  ubiquitous, they can be found in most ecosystems and have evolved 
and adapted even to very  harsh conditions and environments. A remarkable example 
of this adaptive evolution is the mangrove ecosystem, where trees are able to thrive 
despite such adverse conditions like prolonged and sometimes deep flooding, but also 
prolonged periods of drying soil, root zone anoxia, high temperatures, hurricane force 
wind, and high and extremely variable salt conditions in a typically resource-poor 
environment (Dassanayake et al. 2009).
Examples of natural environments with similar extreme conditions are numerous and 
often specially-adapted plants can be found in such places. The mosses of the genus 
Sphagnum grow in bogs and marshes despite low pH and other additional adverse 
conditions in such an environment like submersion and deoxygenation (Rothschild 
and Mancinelli 2001).
Other extreme environments are not natural but are a consequence of human activity. 
Industrialization has created the need for mining of a large amount of various metals. 
Such mining sites, but  also metal processing sites are polluted by the industrial 
activity with a large array and high concentrations of heavy metals. After the cessation 
of activity these sites can be reclaimed by a succession of plants, and a special heavy-
metal adapted flora has evolved on several old mining sites, for example in Prayon, 
Belgium (Meerts and Van Isacker 1997).
Often plants growing in heavy-metal polluted environments do not only  have to cope 
with the complex metal pollution.  Due to the coarse structure of the mining remnants, 
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and poor physical soil conditions plants have to cope with a shallow root  system and a 
limited availability of water and nutriments (Poschenrieder and Barceló 1999).
1.2. Plants and pollution
Due to the industrial origin of the contaminant, metal-polluted sites include in most 
cases also other types of contaminants, and the organism have to cope with a 
combination of such different pollutants. Among them one may find hydrocarbon-
based fuels and various organic contaminants, like the persistent organic pollutants 
(POPs), which are organic compounds that  are resistant to environmental degradation 
through chemical, biological or photolytic processes.  Among the best known are 
PCB’s polychlorinated biphenyls and DDT (dichlorodiphenyltrichloroethane) (Pilon-
Smits 2005).
Despite all these difficult conditions, a specialized pollution-tolerant flora can 
establish itself on such sites. These plants can take up significant amounts of heavy 
metals, or organic pollutants. They stabilize and hold the polluted topsoil in place; this 
can prevent a leaching of pollutants into the groundwater or dispersion of the topsoil 
by the wind (Salt et al. 1998). 
This specialized flora has been the center of much scientific investigation, and some 
of the metal-tolerant and accumulating plants will be discussed in detail below.
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1.3. Heavy Metals
Several minerals, such as zinc, iron, magnesium or calcium (see Table 1) are essential 
for the functioning and the correct development of plants. A mineral element must 
fulfil three criteria to be called essential (Marschner 1995):
- in the absence of this element a plant is unable to complete its life cycle
- the function of the element is not replaceable by another
- the element is directly involved in a metabolic process
Classification Element
Macronutrient N, P, S, K, Mg,Ca 
Micronutrient  Fe, Mn, Zn, Cu, B, Mo, Cl, Ni, Na, Si, Co 
Table 1: showing the various mineral elements that are considered essential in higher plants, adapted 
from (Marschner 1995)
Some of these elements have only been proven being “essential” for some higher 
plants, and some authors add another label and call them beneficial elements: these 
include Na, Si, and Co. These beneficial elements can compensate toxic effects of 
other elements, replace some mineral nutriments in less specific functions or are used 
for maintenance of osmotic pressure (Marschner 1995).
The plant root system actively takes these minerals actively up from the soil solution. 
By taking up essential minerals, like the ones cited above, the plant cannot prevent the 
simultaneous uptake of non-essential minerals, which are not needed for the 
development and are toxic when the concentrations reaches a certain threshold. This 
is an opportunistic uptake by  a carrier or a channel that cannot distinguish between an 
essential (e.g. Zn) and a closely related non-essential elements (e.g. Cd) [6]. By a 
generally  accepted definition, heavy  metals are minerals, which have a density  above 
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5 g/cm3. This includes essential (e.g. zinc, iron or copper) and non-essential (e.g. 
cadmium, lead or mercury) elements (Marschner 1995). Essential heavy metals are 
needed for proper growth and development of the plant, often as cofactors for 
enzymes; these metals are present in normal soils at low concentrations (Zhao et al. 
2002) and in these conditions, they are not harmful to plants. Non-essential heavy 
metals have no physiological role in the plant metabolism and they  can be harmful 
even at low concentrations (Marschner 1995). 
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1.4. Heavy metals, an environmental and health problem
1.4.1. Origin of heavy metals
Contamination of soils and water with toxic heavy metals contributes worldwide to 
serious problems of environment and human health. Heavy metals in our environment 
originate either from natural sources (erosion of heavy metal containing rock) or are 
related to anthropogenic activities (Swennen and Van der Sluys 1998; Satarug et al. 
2003). The quantity of heavy metals released by human activity exceeds the natural 
erosion. Mining sites and their close environment are often heavily  contaminated. The 
ore enriched with the metal of interest is often associated with other heavy metals, and 
in consequence, the soil is contaminated with a complex heavy metal mixture. In 
addition to the mining sites, plastic and metallurgic industries are rejecting heavy 
metals into the atmosphere. Agricultural soil may be, in addition to the atmospheric 
pollution, contaminated by spraying of heavy metal containing sewage sludge and 
phosphate fertilisers (Nriagu and Pacyna 1988; Satarug et al. 2003). Pollution of soils 
by heavy metals is a major problem in Luxembourg, mainly on or near the industrial 
sites in the “Minette” region (for further information see “Cartographie du Cadastre 
des sites potentiellement pollués” http://deee.aev.etat.lu/website/caddech_public/
MyBase.htm)
Geologically, this region contains iron-rich mineral, it has a sedimentary origin, 
mostly  Fe-oolitic sandstones and conglomerates, formed in the Middle Jurassic epoch. 
Apart from the high iron content this soil also contains relatively  high concentrations 
of As, Cr and Co when compared to other sandstones, even without anthropogenic 
influences (Horckmans et al. 2005). 
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Since the midst of the 19th century this region has been extensively industrialised to 
develop one of the most important European local steel industries, which is now part 
of Arcelor-Mittal company, one of the world’s largest producer of steel. Throughout 
the industrial decline in the seventies, mining of the ore has been abandoned and the 
industry has been diversified into metal processing plants, construction materials, 
engineering, and chemicals. All these anthropogenic activities have increased the 
metal pollution of the soils in this region, as can be deduced from the analysis of river 
stream sediment samples (Swennen and Van der Sluys 1998). Additionally, this region 
is the most densely-populated part of Luxembourg, with several of Luxembourg's 
largest towns, which creates a high pollution impact on the environment. 
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1.4.2. A human health problem
Among heavy metals, cadmium (Cd) is one of the most toxic elements for living 
organisms. In human health, for non-workplace exposure, vegetables and cereals are 
the main daily  intake source of cadmium (Table 2), except for smokers where the 




(mg/kg) 	   	  
Average	  
intake	  (g	  per	  
day) 	  
Exposure	  
(μg	  per	  day)	  
	   Maximum Typical 	   	   	   Extreme Typical
Vegetables,	  including	  
potatoes 0.1 0.05 250 25 12.5
Cereals,	  legumes,	  rice 0.2 0.05 200 40 10
Fruit 0.05 0.01 150 7.5 1.5
Oilseeds,	  cocoa	  beans 1 0.5 1 1 0.5
Meat	  (caJle,	  poultry,	  pig,	  
sheep) 0.1 0.02 150 15 3
Liver	  (caJle,	  poultry,	  pig,	  
sheep) 0.5 0.1 5 2.5 0.5
Kidney	  (caJle,	  poultry,	  pig,	  
sheep) 2 0.5 1 2 0.5
Fish 0.05 0.02 30 1.5 0.6
Crustaceans,	  mollusks 2 0.25 	   3 	   6 0.75
Table 2 : Cadmium contents of foodstuffs and estimates in daily intake for typical and extreme 
exposure (Satarug et al. 2003)
Cadmium toxicity is mainly due to its accumulation in liver and kidneys, where long-
term exposure causes renal and hepatic lesions. A high exposure to cadmium has been 
linked to a number of adverse health effects, including osteoporosis, renal 
complications, leukaemia and cancer in several organs such as lung, kidney, urinary 
bladder, and pancreas (McLaughlin et al. 1999; Satarug et al. 2003). The safe intake 
limit for Cd is 70 µg per day (recommended by World Health Organisation/Food and 
Agriculture Organisation; (Satarug et al. 2003)). An equilibrated diet with a sufficient 
supply of iron, zinc and copper provides a protection against the toxic effects of 
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cadmium; these elements are antagonist to the cadmium retention in the intestinal 
system (McLaughlin et al. 1999).
1.5. Toxicity of heavy metals in plants
As indicated before, a specialised flora can be found on metal-polluted soils, more or 
less adapted to the extreme environment, but in most cases the pollution is relatively 
recent, and it  affects the original plant population in place. In this case, plants are 
able, and can often not avoid to take up of substantial amounts of toxic metals. When 
grown on contaminated soil with either supra-optimal concentration of essential and/
or high concentrations of non-essential metals, plants often show visible signs of 
toxicity. Inside the plant cadmium inhibits root and shoot growth often accompanied 
by leaf roll, chlorosis as well as necroses (Prasad 1995). A very direct effect on 
growth, can be linked to the suppression of the cell elongation-rate, due to an 
irreversible inhibition of the proton pump responsible for this process (Sanita di Toppi 
and Gabbrielli 1999). But more importantly, the overall deleterious effect on the plant 
metabolism in general provokes a slowing down and even a complete stop of plant 
growth. Chlorosis has been partially linked to Fe deficiency, as high cadmium content 
in the medium induces a decreased shoot iron content (Fodor et al. 2005).
Heavy metals, once entered into the plant, directly or indirectly promote the 
formations of reactive oxygen species (ROS), such as H2O2, O•2- radicals and •OH 
radicals and, as a consequence, induce an oxidative stress in different sub-cellular 
locations (Hall 2002). In the case of cadmium, its toxic action is also often associated 
with the oxidative damage it induces (Sandalio et al. 2001; Romero-Puertas et al. 
2002; Romero-Puertas et al. 2004; Rodríguez-Serrano et al. 2006; Romero-Puertas et 
al. 2006; Rodriguez-Serrano et al. 2009), although the redox potential of Cd is too low 
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to directly  participate in Fenton–like redox reactions. Symptoms of oxidative stress 
are rather a consequence of an interference with antioxidant enzymes and depletion of 
antioxidant molecules (Sanita di Toppi and Gabbrielli 1999; Clemens 2001; Clemens 
2006). Heavy metals may also displace other essential cations in catalytical sites 
(Marschner 1995; Sanita di Toppi and Gabbrielli 1999; Clemens 2001). Targets of 
cadmium toxicity  are especially  Zn-dependent and Zn-binding enzymes and 
molecules. This is mainly  due to the chemical similarity between Cd and Zn and the 
ensuing competition at the cofactor sites of enzymes (Clemens 2006; Garnier et al. 
2006). 
Heavy metals also disturb cellular mechanisms by fixing to thiols of proteins and 
other macromolecules. Cadmium in particular has a very high affinity for sulfhydryl-
groups (-SH) (Prasad 1995). This affinity can cause an inactivation of important 
enzymes by Cd-binding to sulfhydryl-groups (Prasad 1995). 
1.6. Tolerance and accumulation of heavy metals in plants
Basic metal tolerance is common in plants; this is necessary to keep a certain 
homeostasis, as metals can become very  rapidly  toxic if present in supraoptimal 
conditions. Copper is a very good example, since this metal shows a very  high 
reactivity and can act in Fenton-like redox reactions. Indeed inside yeast cells copper 
is virtually  not present in its free form, but always bound to copper chaperones 
(Himelblau and Amasino 2000; Clemens 2006). Concerning cadmium, plants are able 
to detoxify and remove it  from potential dangerous molecular target sites, like the 
catalytical sites of enzymes, or just simply the cytosol, by using the aforementioned 
high affinity  to thiolates via a synthesis of glutathione (GSH) or phytochelatins, i.e. 
thiol-rich molecules. Glutathione is an important antioxidant molecule, synthesized 
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from the amino acids glutamate, cysteine and glycine, and participates in the 
Halliwell-Asada pathway. Phytochelatins are enzymatically synthesized polypeptides 
with heavy  metal binding abilities; their general structure is [Glu-(Cys)]n-Gly. 
Phytochelatins and glutathione can chelate cadmium, and detoxification of the cytosol 
is attained by accumulation of the chelate-polypeptide complexes into the vacuole 
(Gong et al. 2003).
Basic metal tolerance stems from these homeostasis mechanisms described above, a 
specialized flora has acquired additional mechanisms which allow these plants to 
colonize soils that are polluted with heavy  metals. Tolerance to heavy metals can be 
achieved by  an “exclusion” strategy, where plants are able to limit the absorption of 
the heavy metals, at the root level. True cellular tolerance is achieved with the 
“accumulation” strategy, where the plants absorb and translocate the heavy metals to 
the shoots (Baker et al. 2000). One extreme and very rare case of the “accumulation” 
strategy is the “hyperaccumulation” strategy, where plants are able to accumulate and 
tolerate extraordinary high amounts of heavy metals in their aerial parts. 
Hyperacccumulation is usually defined as an accumulation above a threshold value, 
which depends on the considered metal, but is normally 100 times superior to normal 
levels in non-accumulating plants. These threshold values are 10000 mg/kg DW for 
Zn and Mg, 1000 mg/kg DW for Ni, Pb, Co and Cu and 100 mg/kg DW for Cd 
(Reeves et al. 1995; Baker et al. 2000).
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1.7. Hyperaccumulator plant, is it the best choice for 
phytoremedation purposes?
One of the most characterized heavy metal hyperaccumulator plants is Thlaspi 
caerulescens, a plant from the Brassicaceae family (Brown et al. 1995). This plant has 
some features which could make it a model species to study  heavy metal 
hyperaccumulation.  It is a remarkable hyperaccumulator of zinc, nickel and 
cadmium . Additionally it is closely related to the model plant Arabidopsis thaliana. 
In some populations, Cd accumulation in shoot can be up  to 0.3 % DW which is about 
30 000 times the level in  a non-hyperaccumulator plant (Brown et al. 1995). A large 
range of populations exists from metallicolous and non-metallicolous soil (Assunção 
et al. 2003). Some authors introduced the idea that this plant could be used to clean up 
polluted soils, by removing the heavy metals from the soil and storing them in their 
aerial parts, which could then be harvested. This cost effective and environmentally 
friendly technology  is termed phytoremediation (Cunningham et al. 1995). It  can of 
course be applied to organic and inorganic pollutions as well, which commonly occur 
together on contaminated sites as mentioned before, but this thesis will focus only  on 
the heavy-metal aspects, and more precisely  on the problem of cadmium pollution. A 
better understanding of the molecular mechanisms involved in plant metal tolerance 
will help  to develop  suitable plants for phytoremediation purposes, which of course 
will have to deal with far more complex pollutions than presented in this thesis 
(Clemens 2006). 
Numerous studies have been realised on the Cd hyperaccumulation capacity, and in 
spite of the still increasing amount of ongoing research, the basic physiological, 
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biochemical and molecular mechanisms underlying heavy metal hyperaccumulation 
are still largely unknown (Assunção et al. 2003). 
Additionally, most known hyperaccumulators, like Thlaspi caerulescens, tend to grow 
slowly and produce a relative low biomass (Lee et  al. 2003). They often accumulate 
only one or a few specific elements and their agronomic characteristics (including 
pest management) are not known. All these characteristics are not well suited for 
phytoremediation purposes (Cunningham et al. 1995; Di Baccio et al. 2003). The 
ideal plant would have to tolerate and accumulate high quantities of cadmium and 
producing high biomass. Such a combination does not seem to be possible, so a trade 
off between hyperaccumulation and low biomass, and vice-versa, has to be made 
(Pulford et al. 2001; Pulford and Watson 2003). Salix and Populus species seem 
interesting in this context: both show a capacity to accumulate significant quantities 
of cadmium (Robinson et  al. 2000; Laureysens et  al. 2004; Laureysens et al. 2005). 
These trees are fast growing, they produce high biomass and they are easy to clone 
and propagate in vitro (Pulford and Watson 2003). These are very  hardy plants, able to 
grow in difficult environments, for example on heavy metal contaminated soil 
(Madejón et al. 2004). An economic study assessing the value of phytoremediation for 
Salix indicates that the higher biomass production of willow, even if it accumulates 
much less than T. caerulescens, reduces the time to clean up  the soil to 6 years where 
Thlaspi would need 12 years. So the same cleaning effect (on moderately 
contaminated soil) can be achieved by Thlaspi caerulescens and by Salix, but is being 
cheaper and faster for Salix (Lewandowski et al. 2006). 
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1.8. Phytoremediation prospects
Several studies using poplar or willow for phytoremediation of contaminated water or 
soils have been published. Most studies focused on organic pollutants like atrazine, 
trichloroethylene, benzene, toluene or chloroacetanilide herbicides (Di Baccio et al. 
2003). In a field trial, a Belgian group  (Vervaeke et al. 2003) used Salix viminalis 
stands grown on sediments contaminated with mineral oils. After 1.5 years of culture 
a significant decrease (57%) of mineral oil concentration compared to control 
sediments without vegetation (only 15% decrease), was observed (Vervaeke et al. 
2003). Trees from the genus Populus are promising for phytoremedation studies since 
they  show good potential for uptake of heavy metals, and have already been used in 
several field studies (Robinson et al. 2000; Laureysens et al. 2004; Laureysens et al. 
2005; Dos Santos Utmazian et al. 2007; Unterbrunner et al. 2007). Thirteen different 
poplar clones have been established in a short rotation coppice culture on a former 
waste disposal site, which is moderately polluted with heavy metals. The different 
clones showed a significant variation in accumulation for most metals, although no 
clone showed a high uptake of all toxic metals. Among the metals most efficiently 
taken up  were cadmium, zinc and aluminium, with the highest tissue concentration 
found in senescing leaves (Laureysens et al. 2004; Laureysens et al. 2005). 
In another study, 4 different poplar clones (3 different Populus deltoides clones and 
one Populus x euramericana clone), were grown hydroponically in 0.1 and 10 
µMcadmium solution for three months. The presence of cadmium did not induce 
serious growth disturbance, but significant cadmium concentrations were found in 
stems and leaves of treated plants (Pilipovic et al. 2005).
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1.9. Heavy metals & proteomics
In order to use plants as bioaccumulators in phytoremediation prospects, much more 
must be understood on the mechanisms of heavy metal tolerance and accumulation in 
plants. This knowledge will enable improving the depollution ability of these plants, 
by breeding or genetic engineering.  This is necessary  to face the complex pollutions 
in a real environment. Different molecular tools exist to study the genes and proteins 
involved in a specific physiological mechanism. Gene expression studies and 
mapping of quantitative trait  loci are useful for identifying potential candidate genes, 
playing a role in such mechanisms. Often little or no correlation can be found between 
mRNA abundance, which is measured in transcriptomic studies and the protein level, 
which is measured in proteomic studies (Greenbaum et al. 2003). Adding to this, low-
copy mRNAs, are not measured with the same ease than abundant mRNAs (Renaut et 
al. 2006).
1.9.1. The importance of proteomics in plant stress analysis
At the turn of the century, proteomics was an emerging tool in molecular studies in 
general, but also in plant biology  (Salekdeh et al. 2002). The proteome is defined as 
“all the proteins expressed at a given time, in given conditions in a given organism by 
a genome”, a term initially  proposed in 1994 at a meeting in Siena, Italy  (Barbier-
Brygoo and Joyard 2004).
This technique relies on relatively  recent technical advancements made in 
methodology, mainly sample preparation with a focus on extraction methods, but also 
important developments in separation methods and none the least, protein 
identification (Agrawal et al. 2005a; Agrawal et al. 2005b; Agrawal et al. 2005c)]. 
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The two main core technologies in protein separation, one of the key  elements in a 
proteomic approach, are on one side the two-dimensional gel electrophoresis and on 
the other hand gel-free separation methods, relying on chromatographic separation 
principles.
Current proteomics techniques allow a relative high sample throughput. One may 
differentiate between two main approaches: first, bottom-up  proteomics, where 
individual separated proteins (most commonly by one- or two-dimensional gel 
electrophoresis, but also by  liquid chromatography) are proteolytically  digested and 
then identified by mass spectrometry. Second, shotgun-proteomics, where individual 
proteins are identified in a complex mixture (Wolters et al. 2001). This mixture most 
often contains complete protein sets which are proteolytically  digested and its 
corresponding peptides are identified by a combination of liquid chromatography and 
tandem mass spectrometry(Görg et al. 2000, Agrawal et  al. 2005, Visioli et al. 2010). 
Protein identification is generally done by mass spectrometry (e.g. matrix-assisted 
laser
desorption/ionization time-of-flight, Maldi-ToF, Fourier transform ion cyclotron 
resonance mass spectrometry FTICR-MS). A great number of methods using various 
equipments exist, but all are based on the separation of charged peptides in an 
electromagnetic field. Charged peptides are produced during electrospray ionization. 
Proteins may be identified by peptide mass finger printing (PMF). This analysis is 
based on the enzymatic digestion by proteolytic enzymes (e.g. trypsine) before MS 
analysis. 
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The resulting mixture of peptides from one gel spot can be analyzed by  MS resulting 
in a complex mass spectrum where each peak represents the mass/charge ratio (m/z) 
of the analytes. A comparison of the experimental spectrum with a database 
containing theoretical spectra of know proteins allows an identification of the protein. 
However this technique results often in both false negative and false positive 
identifications and is currently  not accepted as the sole method of protein 
identification (Song and Chen 2010). Unidentified proteins and PMF-based 
identifications needs to be confirmed by increasing the specificity  of the analysis by 
tandem mass spectrometry (MS/MS). In this methods based on the MS-spectrum 
several precursor peptides are selected and fragmented in a collision chamber 
containing inert gas molecules (e.g. N2) A mass spectrum of the resulting fragments 
can be used to deduce structural information (i.e. sequence) of the precursor peptide. 
By using specialized software the resulting mass spectrum can be matched to 
sequences present in databases. A manual verification of the spectra can further 
increase specificity of the analysis. The protein identification process has also seen 
important advances with the sequencing and the availability in several databases of 
the complete genome of model organisms, like Arabidopsis thaliana, Oryza sativa, 
but also Populus trichocarpa (Barbier-Brygoo and Joyard 2004; Agrawal et al. 
2005a). 
These advances have established proteomics as an important tool which can help to 
gain a global integrated view of cellular processes and networks at the protein level 
(Barbier-Brygoo and Joyard 2004). It has been widely  used to study the plant 
response to different kinds of biotic stresses like fungal infection in maize (Campo et 
al. 2004) and abiotic stresses, like cold (Salekdeh et al. 2002; Renaut et al. 2004; 
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Renaut et  al. 2005; Renaut et al. 2006), mineral deficiency (Kang et al. 2004), high 
light (Phee et  al. 2004), high salinity (Kav et al. 2004), high ozone levels (Bohler et 
al. 2007; Renaut  et  al. 2009; Bohler et al. 2010), in different  organisms like, e.g. rice, 
poplar, Arabidopsis thaliana and pea. When applying the proteomic tools to stress 
response in plants, it provides a direct assessment of proteins involved in the stress 
pathway and can be a valuable link between a physiological approach and molecular 
tools (Renaut et al. 2004; Renaut et al. 2005). Proteomics is a potent tool when trying 
to do qualitative and also quantitative comparison of protein expression between 
different genotypes (i.e. metallicolous and non-metallicolous populations) or between 
different treatments. 
1.9.2. 2D-Dige, an important proteomics tool
Despite all the promising aspects of the proteomic techniques, scientists who are 
eager to analyse protein dynamics within an organism or tissue routinely and 
systematically  face some majors problems and drawbacks (Barbier-Brygoo and 
Joyard 2004). Among these problems are the disparity  in protein expression levels; 
whereas rare proteins can be expressed as few as 10-100 copies per cell, abundant 
proteins can be expressed at overwhelming levels of 105 to 107 copies per cell. This 
wide range prevents any exhaustive characterisation of minor proteins in a tissue or a 
cell (Barbier-Brygoo and Joyard 2004).
Another difficulty comes from the large chemical heterogeneity as proteins cover a 
wide range of isoelectric points (pI) from less than 3 to more than 12, whereas protein 
masses (Mr) range between 5 000 and 300 000 Da (Barbier-Brygoo and Joyard 2004).
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This is a real problem for 2D gel electrophoresis, where protein separation is based on 
pI and Mr. The large difference in water solubility between hydrophobic and 
hydrophilic proteins also hinders an exhaustive separation in commonly used 
electrophoresis gels (Barbier-Brygoo and Joyard 2004). Sub-proteome studies based 
on sub-cellular compartmentation and/or physico-chemical criteria can be one 
solution to overcome certain aspects of these problems (Barbier-Brygoo and Joyard 
2004). It is generally accepted that sample preparation and handling are the most 
critical step, where purity and reproducibility  are key factors (Barbier-Brygoo and 
Joyard 2004; Carpentier et al. 2005).
A technical tool that has helped to improve reproducibility  of 2D- gels are the 
fluorescent dyes which label protein samples before the separation phase. These dyes 
are called CyDyes and can be used for multiplexing internal standards and up to two 
samples in one gel. This has also greatly simplified and increased the confidence in 
matching and quantitation of proteins (Görg et al. 2000; Renaut et al. 2006). 
In 2D-DiGE experiments, proteins are prestained, which is to say they are labelled 
with fluorescent dyes before electrophoresis runs. The use of three different 
fluorescent dyes (CyDyes DiGE Fluor minimal dyes: Cy2, Cy3 and Cy5; GE 
Healthcare) allows a multiplexing of the samples in the same gel, as they  have three 
different spectral absorption/emission wavelengths, but are matched for their mass 
and their charge. This means that the same protein labelled with any CyDye will 
migrate to the same position on the 2D gel. This multiplexing capability enables the 
incorporation of a same internal standard across all the electrophoresis gels in the 
same experiment. The internal standard is a pooled aliquot of all biological samples in 
the experiments. This allows a matching of the protein patterns across gels, 
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minimizing inter-gel variation and, most importantly, this allows a quantitative 
measurement of the difference in the expression of proteins observed between 
samples. 
Figure 1: A summary of the 2D-Dige experiments using fluorescent CyDyes for 
multiplexing
The observed differences are supported by statistical tests carried out  by a dedicated 
software in this case Decyder 6.5 (Decyder, GE Healthcare). This software contains 
different modules: 
• DIA (Differential In-Gel Analysis): performs spot detection and quantitation 
on a set  of images from the same gel. Spot detection is optimised by using 
background subtraction, in-gel normalization and artefact removal.
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• BVA (Biological Variation Analysis): performs multiple images matching of 
multiple gels to provide statistical data on differential protein abundance 
between samples
• EDA (Extended Data Analysis): using the statistical data from the BVA 
module, the EDA module employs multivariate analysis and clustering 
methods to detect patterns and relationships in expression data
1.9.3. Proteomics in heavy metal stress analysis
Studies on heavy metal responses have also seen the emergence of proteomic analysis 
as a tool. Within the recent findings on the effects of metals, in particular cadmium 
several proteomic studies have been published (Repetto et al. 2003; Roth et al. 2006; 
Sarry et al. 2006; Aina et al. 2007; Visioli et al. 2010). A proteomic study on pea roots 
inoculated with Glomus mosseae (an arbuscular mycorrhiza (AM) fungus), focused 
on changes in root proteome induced by  the presence of the AM fungus when 100 mg/
kg Cd was applied (Repetto et al. 2003). The study included two genotypes differing 
in their sensitivity to Cd. Growth inhibition induced by  cadmium was significantly 
alleviated by the mycorrhiza in the Cd-sensitive genotype and it seemed that this AM 
symbiosis could modulate the expression (newly  induced, up- or down-regulated) of 
several proteins when cadmium was applied. Among these proteins, the expression of 
different enzymes was upregulated: for example the expression of an alcohol 
dehydrogenase involved in phytosteroid metabolism, or of an UDP-glucose 
pyrophosphorylase (UGPase) involved in sucrose degradation, or of a V-type ATPase 
generating a proton gradient from cytoplasm to vacuole. But also some pathogenesis 
related- (PR) proteins were upregulated. These different kinds of enzymes and 
proteins show the broad effect of cadmium on any organism (Repetto et al. 2003).
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In rice plants treated with different cadmium concentrations, changes in root proteome 
were analysed, showing the regulation of several transporter proteins such as Nramp1. 
Proteins involved in degradation of oxidatively modified proteins from the ubiquitin/
proteasome pathway showed an upregulation, a sign indicating that cadmium stress 
induces senescence (Aina et al. 2007). In Arabidopsis thaliana cell culture exposed to 
different concentrations of Cd, the proteomic approach showed an activation of 
carbon, nitrogen and sulfur metabolisms in order to cope with Cd stress. Most notable 
among the upregulated proteins were several enzymes involved in biosynthesis of 
glutamate, cysteine and glycine, which are precursors needed for formation of 
glutathione and phytochelatins, key  components for the cellular detoxification of 
cadmium (Sarry  et al. 2006). In Arabidopsis roots treated with 10 µM Cd during 24 
hours, an accumulation of phytochelatins could be observed. Proteomic changes 
revealed by this study  include an upregulation of ATP-sulfurylase, catalysing the first 
step in sulphur assimilation by activation of sulphate and producing adenosyl 
phosphosulfate (APS). APS is then further used to produce cysteine, a key product in 
glutathione synthesis. As glutathione represents an important sink for sulfur, this 
upregulation concords with the importance of the sulfur metabolism for detoxification 
of Cd (Roth et al. 2006).
1.10. Poplar, a model tree for biological and molecular studies
As mentioned above the genus Populus presents several interesting traits for 
phytoremediation studies. Additionally, a species from this genus has been chosen as 
a forest model species to represent perenial woody species: Populus trichocarpa 
(Torr. & Gray). There was a need for such a model as other typical models include 
only annual plants species such as Arabidopsis thalianafor dicots and Oryza sativa 
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and Zea mais for monocots . The genome of P. trichocarpa has been sequenced using 
a whole-genome shotgun sequence and assembly strategy. In 2006 a draft genome 
was published that is currently still being annotated and refined (Tuskan et al. 2006). 
As mentioned before, trees from the genus Populus show economically important 
traits related to growth rate, wood properties and paper quality  which make them a 
potential renewable energy resource (Tuskan et al. 2006). Additionally dozens of 
quantitative trait loci have been mapped and methods of genetic engineering have 
been developed (Tuskan et al. 2006). For the present work a different species from the 
same genus was chosen, Populus tremula, mainly because this species has been 
intensively  used in the host laboratory for studies on cold acclimation, and thus 
culturing the plants was well established. Nonetheless this species is very close to the 
model species and in consequence protein identification was greatly aided by the 
sequencing of the genome of Populus trichocarpa. Even if the database has not fully 
been annotated, significant sequences in the EST database could often be matched. An 
important tool in molecular studies of stress responses in plants is differential 
proteomic analysis, which has been widely used to study  the effects of biotic and 
abiotic stresses on various plants. Also some recent studies on poplar proteomics have 
been carried out in this aspect. A study on the effect of cold acclimation on primary 
metabolism in actively growing poplar, showed that  a 14 days exposure at 4°C (a 
temperature where survival is not affected, but growth is almost completely arrested) 
increased the freezing tolerance from –5.7°C to –9.8°C compared to control plants. 
The proteomic analysis of the plants in this stage showed different proteins being 
overexpressed, among them chaperone-like proteins (i.e. heat shock proteins) but also 
stress-responsive proteins like dehydrins or late embryogenesis abundant proteins 
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(Renaut et al. 2004; Renaut et al. 2005; Renaut et al. 2006). A study  on ozone 
exposure in poplar plants showed that an important impact on primary  metabolism, 
with proteins involved in the light phase of photosynthesis and Calvin cycle showing 
an important decrease in abundance, whereas proteins involved in energy production 
(Glycolysis and Krebs cycle), as well as typical stress-related proteins (HSP, protein 
disulfide isomerase) showed an upregulation (Bohler et al. 2007; Bohler et al. 2010).
To our best knowledge, before the work of this thesis started in 2004, no proteomic 
study focusing on cadmium stress response in poplar had yet been published, although 




The main objective of this thesis’ work is to contribute to a better understanding of the 
tolerance mechanisms underlying heavy metal stress exposure in poplar. Cadmium 
was chosen as a representative heavy metal stressor for various reasons. Cadmium 
had in the past  a widespread use in various applications (i.e. pigments, coatings) and 
is currently predominantly used (about 85% of total use) in nickel-cadmium 
rechargeable batteries, although, because of its high toxicity, alternatives are preferred 
and the overall use is generally decreasing in the last decades. Its previous widespread 
use led to its ubiquitous presence in the environment and cadmium pollution has 
become an important worldwide concern (see above). It is one of the most toxic and 
dangerous metals with no apparent biological role, with the exception of a carbonic 
anhydrase in a marine diatom (Xu et al. 2008). Finally  cadmium itself does not induce 
Fenton-like reactions, and by using cadmium as a stressor it is possible to observe 
direct effects of the metal on the protein level, and not just  a generalised oxidising 
effect. 
One of the most innovative aspects of this work is its multidisciplinary approach.   It 
integrates characterisation studies of morphological symptoms and physiological 
disorders induced by cadmium in poplar during different time-frames (short-term/ 
longer-term) with biochemical and proteomic analysis of the plant response to this 
type of stress. 
The primary objective of this work is to link the cadmium-stress response to a 
differential protein expression, using proteomic tools. Poplar (Populus tremula L.) 
clones will be exposed to cadmium by growing the plants in hydroponic cultures 
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under controlled environmental conditions. These growing conditions will allow a 
good standardisation of the plant exposure to the heavy  metals. 2D-gel electrophoresis 
using fluorescent CyDyes will be used to identify  differentially  expressed proteins. 
These proteins will then be identified by tandem mass spectrometry using MALDI-
TOF-TOF analysis. The impact of cadmium on the proteome level in various tissues 
will be assessed separately, focusing mainly on roots and leaves. Finally  both 
responses will be compared side by side to gain further insights into the temporal and 
spatial stress response. To complement proteomic analyses, several biochemical and 
enzymatic studies on specific protein targets will be carried out. This will allow 
refining our view of the cadmium toxicity impact on protein content and activity.
A secondary aim of this work includes an assessment of the phytoextraction potential 
of poplar plants by measurement of cadmium concentrations in different plant tissues. 
The focus will be on leave and stem cadmium content, comparing it to the root 
content; only a favourable shoot/root content would be of interest in any 
phytoremediation prospects. 
To further assess the phytoextraction potential, and strengthen the findings of the 
short-term exposure, a longer exposure will be carried out and compared to the short-
term exposure in order to assess the kinetics of the stress response.  
Finally, in order to assess the impact of cadmium stress exposure on plant viability, a 
combined cadmium and cold stress response will be carried out. This experiment will 
also allow to clearly  separate general stress responses from the more specific 
cadmium responses, and allow to confirm previous hypotheses.
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3.  Experimental Chapters
3.1. Chapter 1 : Quantitative changes in protein expression of 
cadmium-exposed poplar plants
3.1.1.  Introduction
The work of this thesis aims to investigate the mechanisms of a heavy metal stress 
exposure in plants. This is a pressing issue in many metal polluted soils, where a 
certain stress resistance in several plants can be observed. This resistance is often 
entailing a significant uptake of metals, which needs to be monitored and 
comprehended since plants risk entering the food chain, and contribute to a spreading 
of the pollution, as discussed in the introduction.
The metal in this study is cadmium; as a non-essential pollutant with a strong toxicity 
on plant and animal life, it  is chosen as a representative for a large spectrum of toxic 
heavy metals.
During literature research it  was apparent from several ecological accumulation 
studies, that members from the Salicaceae showed some interesting accumulation and 
resistance traits (see introduction).
 Several poplar cultivars are being kept and, on a regular basis, multiplied in vitro in 
the lab. Using these cultivars, it was decided in a next step to carry out a prospective 
work phase, during which these plants were tested for their ease of transfer to 
hydroponic media. In these early  experiments, the concentration of 20 µM  cadmium 
was also tested for its suitability  to our study and cultivar. During literature search this 
appeared as a trade-off concentration for eliciting a stress response (more than 10 
µM), without affecting plant survival in short-term (less than 50 µM). In the end, a 
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Populus tremula clone was retained, for its ease of multiplication and transfer to 
hydroponics; it additionally showed an immediate stress-response. In the first 
experimental study it  was decided to analyse short-term effects of an acute cadmium 
exposure during 14 days, in actively  growing poplar plants. Plants were sampled as a 
whole, but  the different anatomical parts (individual leaves up  to leavf 10, stems, 
roots) were kept separately in a storage freezer at -80°C. Sampling was made at 
different time points of cadmium treatment and control conditions. In this first set of 
experiments, growth was monitored as well as appearance of visual symptoms during 
14 days. Additional stress markers like chlorophyll fluorescence and electrolyte 
leakage were analysed as well. These stress markers were assessed on leaves adjacent 
to the leaves sampled for biochemical and proteomic analyses. Differentially 
expressed proteins were analysed in young still expanding leaves, by 2D-gel 
electrophoresis using fluorescent CyDyes. These proteins were identified by MALDI-
TOF-TOF analysis. To complete this first short-term stress picture and to be able to 
correlate theses changes directly  to the cadmium in plant tissues, cadmium 
concentration in various organs were assessed. The results of this first step are 
described in the following paper published in Proteomics.
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3.1.2.  Published paper in Proteomics
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RESEARCH ARTICLE
Quantitative changes in protein expression of
cadmium-exposed poplar plants
Pol Kieffer1, 2, Jacques Dommes2, Lucien Hoffmann1, Jean-Franc¸ois Hausman1
and Jenny Renaut1
1 Department Environment and Agrobiotechnologies, Centre de Recherche Public –
Gabriel Lippmann, Belvaux, Luxembourg
2 Biologie moléculaire et biotechnologie végétales, Institut de Botanique,
Université de Liège, Liège, Belgium
Cadmium (Cd) pollution is a worldwide major concern having, among others, deleterious effects
on plants. In the present work, the effects of a 20 mM Cd exposure in hydroponics culture during
14 days were evaluated in young poplar leaves. Proteins were analysed by 2-D DIGE, followed by
MALDI-TOF-TOF identification. Additionally, growth and other physiological parameters were
monitored during the experiment. Treated plants exhibited an inhibition of growth and visual
symptoms appeared after 7 days. A significant accumulation of Cd in all organs was recorded by
ICP-MS analysis. A number of changes in the expression of proteins with various functions were
identified; in particular a decreased abundance of oxidative stress regulating proteins, whereas
pathogenesis-related proteins showed a drastic increase in abundance. Furthermore, a large
number of proteins involved in carbon metabolism showed a decrease in abundance, while pro-
teins involved in remobilizing carbon from other energy sources were upregulated. In conclu-
sion, the negative effect of Cd could be explained by a deleterious effect on protein expression
from the primary carbon metabolism and from the oxidative stress response mechanism. Accu-
mulation of Cd in stems of poplar, coupled with a low impact of Cd on physiological parameters,
promotes the use of poplar trees for phytoremediation purposes.
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1 Introduction
Heavy metal pollution is a major worldwide human health
concern [1, 2]. Among heavy metals, cadmium (Cd) is wide-
spread, very toxic and classified as a human carcinogen [3].
Anthropogenic sources are mainly responsible for the wide-
spread Cd contamination of soils, with an estimated release
of around 30 000 tons per year into the environment [4].
Nonferrous metal industry, disposal of batteries, application
of phosphate fertilizer and contaminated sewage sludge on
agricultural soil lead to an important dispersion of Cd pollu-
tion [5]. Despite being a nonessential mineral to plant nutri-
tion, Cd is taken up readily by the roots and although in
many species most Cd is blocked in the roots, part of it is
transported through the xylem to aerial tissues [4]. Cd can be
accumulated to relatively high concentrations in some
important crop species used for human consumption such
as durum wheat [5, 6], without showing any phytotoxicity
symptoms, and therefore it is seen as a potential threat to
human health. Once Cd resides inside the plant, it inhibits
root and shoot growths and often causes leaf rolling, chloro-
ses as well as necroses [7]. The effect on growth is linked to
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the suppression of cell elongation, due to an irreversible
inhibition of the proton pump responsible for this process
[4]. Chlorosis has been partially linked to Fe-deficiency, as
high Cd content in the environment induces a decreased
shoot iron content [8]. The toxic action of Cd is often asso-
ciated with the oxidative damage it induces, through gen-




hydroxyl radical (.OH) [9]. Because the redox potential of Cd
is too low to directly participate in Fenton-like redox reac-
tions, symptoms of oxidative stress are rather a con-
sequence of an interference with antioxidant enzymes and
depletion of antioxidant molecules [4, 10]. Other targets of
Cd toxicity are Zn/Ca-dependent and Zn/Ca-binding
enzymes and molecules, due to the chemical similarity be-
tween Cd and these elements and the ensuing competition
at the cofactor sites of enzymes [10, 11]. Another target of
Cd toxicity originates from its high affinity to thiolates,
which can cause an inactivation of important enzymes by
Cd-binding sulphydryl-groups (–SH) [7, 12]. On the other
hand, plants are able to detoxify and remove Cd from
potential dangerous sites using the high affinity of Cd to
thiolates, by the synthesis of glutathione (GSH) or phy-
tochelatins [10, 12]. Indeed, GSH is an important anti-
oxidant molecule, synthetized from the amino acids gluta-
mate, cysteine and glycine and participating in the Halli-
well–Asada pathway. Phytochelatins are enzymatically
synthesized polypeptides with heavy metal-binding abilities;
their general structure is (Glu–(Cys))n–Gly. Phytochelatins
and GSH can chelate Cd, and therefore detoxification of the
cytosol is attained by accumulation of the chelate–polypep-
tide complexes in the vacuole [13].
This ability of plants to absorb and accumulate signifi-
cant quantities of heavy metals in aerial parts, offers the
possibility to use plants for removing pollutants from their
substrate, a process called phytoremediation [14]. Since they
are able to accumulate significant quantities of Cd, the plants
from the genus Populus are promising for phytoremedation
studies [15, 16]. Poplar trees are fast growing, they produce
high biomass, they are easy to clone and propagate in vitro
[17]. These are very hardy plants, able to grow in difficult
environments, for example on heavy metal-contaminated
soil [17, 18].
In order to use plants efficiently as bioaccumulators in
phytoremediation the mechanisms of heavy metal accumu-
lation and the subsequent stress responses in the exposed
tissues, must be known. An important tool in molecular
studies of stress responses in plants is differential proteomic
analysis, which has been widely used to study the effects of
biotic and abiotic stresses on plants [19, 20]. While proteom-
ics was used to study other stress conditions, like for example
cold exposure in plants, global studies for Cd stress respon-
ses are sparse. Some recent studies on the effects of metal
ions, and Cd in particular, on the proteome of plants have
been published, but none were made on trees. Changes in
the root-proteome of rice plants treated with different Cd
concentrations, were analysed, showing an impact on the
abundance of several transporter proteins such as Nramp1.
Proteins involved in degradation of oxidatively modified
proteins from the ubiquitin/proteasome pathway showed an
upregulation, indicating that Cd stress-induced senescence
[21]. In Arabidopsis thaliana cell culture exposed to different
concentrations of Cd, the proteomic approach indicated an
activation of carbon, nitrogen and sulphur metabolisms [22].
Most notably, among the upregulated proteins were enzymes
involved in biosynthesis of glutamate, cysteine and glycine,
which are precursors needed for the formation of GSH and
phytochelatins. The accumulation of which were observed in
Arabidopsis roots treated with 10 mM Cd during 24 h [23].
Proteomic changes revealed by this study include an upreg-
ulation of adenosine 50-triphosphate (ATP)-sulphurylase,
catalysing the first step in sulphur assimilation by activation
of sulphate. As phytochelatin and GSH synthesis represents
an important sink for sulphur, this upregulation concorded
with the importance of the sulphur metabolism for detox-
ification of Cd.
The aim of the present work was to study the effects of a
Cd exposure of poplar plants in a controlled environment
using morphological, physiological and proteomic ap-
proaches. Growth measurements together with the analysis
of physiological parameters were realized to characterize the
severity of Cd stress. The plant response in young leaves
exposed to 20 mM Cd during 14 days, was then assessed by
differential in-gel electrophoresis, considering soluble pro-
teins in a pI range of 4–7. Differentially expressed proteins
between control and treated plants were identified and their
possible roles in Cd stress responses are discussed.
2 Materials and methods
2.1 Plant material, growth conditions and cadmium
treatment
Poplar clones (Populus tremula L.) were multiplied in vitro in
polypropylene jars (500 mL) on Murashige and Skoog [24]
medium in growth chambers at 237C with a 16 h photo-
period, and a light intensity of 150 mmol?m22?s21 (Sylvania
Grolux Fluorescent lamps). For rooting, plants were trans-
ferred to half-strength Murashige and Skoog medium con-
taining 0.3 mg/L 1-naphthaleneacetic acid. After 3 wks,
plants were transferred to nonsterile conditions in poly-
propylene jars (500 mL) containing a modified one-fourth-
strength Hoagland’s solution [25] (exact composition de-
scribed in ref. [8]) in above-described conditions. Plants were
allowed to acclimate during 2 wks to ex vitro conditions. After
five additional weeks of growth, plants were then transferred
to polypropylene plastic boxes (7 L) each containing two
plants and 5 L of nutrient solution with air continuously
bubbling through. After 5 additional weeks of growth when
plants had 22–24 leaves, they were divided into 2 sets. The
first one acted as control while in the second set, the nutritive
solution was enriched with CdSO4 up to a final concentration
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of 20 mM. Sampling was done on days 3, 7 and 14 after Cd
treatment. After the leaves were cut, they were immediately
frozen in liquid nitrogen.
2.2 Morphological and physiological measurements
Leaves were numbered down from the apex, leaf no. 1 being
the first unexpanded leaf. From leaf no. 6 on downwards,
leaves were fully expanded. For this reason the 5th leaf, still
expanding, was marked in the beginning of the treatment
and the length from this leave to the shoot tip was measured
at each sampling date to assess the growth during the
experiment.
2.2.1 Electrolyte leakage
Cd tolerance was assessed by measuring changes in elec-
trical conductivity according to Arora and Wisniewski [26]
with slight modifications. Leaves were cut from control and
treated plants, rinsed briefly in deionized water to eliminate
residues from the nutrient solution, and put in tubes con-
taining 30 mL deionized water. Conductivity was measured
immediately with a Cyberscan CON400 (Eutech Instru-
ments; Singapore) to assess the initial conductivity (c0).
Tubes were shaken overnight and the conductivity was
measured again (c1). The tubes were subsequently auto-
claved (1207C, 1 bar, 20 min) and after cooling to room tem-
perature, the conductivity was measured again (cmax).
Electrolyte leakage in per cent was calculated as follows:
(c1 2 c0/cmax 2 c0)6100.
2.2.2 Chlorophyll fluorescence
Chlorophyll fluorescence was measured on intact leaves (4th
fully expanded leaf) after 30 min of dark adaptation with a
portable fluorometer Handy PEA (Hansatech; King’s Lynn,
UK). The fluorescence transients were measured within 5 s.
F0 is the initial fluorescence emission by antenna Chl a
molecules. Fm is the maximum total fluorescence value dur-
ing these 5 s. Fv = Fm 2 F0 is the variable fluorescence. The
Fv/Fm ratio was calculated as well as the relative variable
fluorescence Vj at the first intermediate step J after 2 ms;
Vj = (F2ms 2 F0)/Fv, with F2m being the fluorescence at 2 ms.
2.2.3 Cadmium content analysis
Dry samples of leaves (6th and 7th fully expanded leaf),
stems and roots were mineralized with a Multiwave
3000 microwave digester (Anton Paar; Graz, Austria). Sam-
ple (200 mg) was weighted and 7 mL of nitric acid, and 3 mL
of hydrogen peroxide were added. The microwave power was
increased from 0 to 1400 W in 10 min, maintained 15 min at
1400 W, and turned off until complete cooling of samples.
The volume of the sample was adjusted to 50 mL with 1%
nitric acid, the samples were centrifuged and diluted 20
times prior to analysis using an Elan DRC-e ICP-MS (Perki-
nElmer; Waltham, MA, USA). The measured elements were
Cd, Fe, Zn, Mn and Ca, with Ge and Rh as internal stand-
ards. Calibration range was 0.01–200 mg/L for Cd and Mn,
0.1–2000 mg/L for Fe and Zn and 1–20 000 mg/L for Ca.
2.3 Protein sample preparation and labelling
Protein extraction was carried out as described previously
[27]. In short, approximatively 500 mg of fresh leaf material,
corresponding to a whole leaf was crushed in liquid nitrogen
and resuspended in solubilization buffer before centrifuga-
tion at 15 0006g (47C, 15 min). The supernatant was mixed
with extraction buffer and kept overnight at 2207C. After
centrifugation for 45 min at 35 0006g and 47C, the pellets
were washed three times with ice-cold acetone containing
0.1% w/v DTT, and freeze-dried. Dried samples were resus-
pended in labelling buffer and incubated for 1 h at room
temperature. Prior to quantification using the 2D Quant Kit
(GE Healthcare; Little Chalfont, UK) the pH of the lysate was
adjusted at 8.5. Protein extracts were labelled prior to elec-
trophoresis with the CyDyes™ (GE Healthcare). Each protein
extract and the internal standard was labelled according to
the manufacturer’s instruction and as described previously
[27]. Twelve gels ran simultaneously, four per sampling date
containing one control and one treated sample each (with a
dye switching between repetitions), plus the internal stand-
ard. Ninety micrograms of proteins (30 mg of each sample)
were loaded on each gel and separated by 2-DE. An addi-
tional 210 mg were added to the 90 mg of labelled proteins, to
a final amount of 300 mg on gels for later protein identifica-
tion.
2.4 2-DE and image capture
Bidimensional electrophoresis was carried out with the same
conditions as described previously [27]. In brief, Immobiline
DryStrips (GE Healthcare, pH 4–7, 24 cm) were rehydrated
overnight before cup-loading of proteins and IEF on an Ettan
IPGphor Manifold (GE Healthcare). After the IEF, the IPG
strips were equilibrated twice in equilibration buffer supple-
mented (i) with DTT and then (ii) with iodoacetamide. Sec-
ond dimension was carried out on gradient gels
(280621061 mm3) cast in the 2-DE optimizer (Nextgen,
Huntingdon, UK) from 8 to 14% w/v acrylamide and 0.1%
Bis. The SDS-PAGE step was performed in Ettan Dalt II
tanks (GE Healthcare). Gels were scanned using the
Typhoon Imager 9400 (GE Healthcare).
2.5 Analysis and identification of selected spots
Images were analysed using the Decyder v6.05.11 software
(GE Healthcare). The gel destined for picking was stained a
second time, by overnight immersion in Sypro Ruby
(BioRad; Hercules, CA, USA). Selected spots of interest
were located (absolute abundance variation of at least 1.5-
fold, p,0.05) and a picking list was generated. Spots of
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interest were excised, and digested as described previously
[27]. The extracted peptides were subsequently spotted and
analysed using an Ettan Spot Handling Workstation (GE
Healthcare) and an Applied Biosystems 4800 Proteomics
Analyzer (Applied Biosystems). Proteins were identified by
searching against the poplar ESTdatabase downloaded from
the NCBI database using an in-house MASCOT server
(Matrix Science, www.matrixscience.com, London, UK). All
searches were carried out using a mass window of 50 ppm
for the precursor and 0.25 Da for the fragments. The search
parameters allowed for carboxyamidomethylation of cyste-
ine, oxidation of methionine as well as tryptophan to
kynurenine and double oxidation of tryptophan, N-formyl-
kynurenine. Homology identification was retained with a
probability set at 95%. Identifications were validated manu-
ally with at least two identified peptides with a score above
homology, the results of which are presented in a table as
Supporting Information.
2.6 Statistical analysis
Statistical analysis was carried out with 4 biological replicates
for proteomics, 5 biological replicates for Cd content analysis
and 16 biological repetitions for growth and physiological
measurements, for each condition on each sampling date.
For the analysis of the relative abundance of proteins, only
statistically significant results were considered (ANOVA two-
ways, p,0.05; ANCOVA p,0.05, with control/treated and
sampling dates as factor and cofactor, respectively) and dif-
ferentially expressed proteins with an absolute ratio of at
least 1.5-fold were selected. In Table 2, the proteins with a
significant variation for the Cd factor are presented. The sig-
nificance levels for both factors and the interaction between
them are shown. (If the Cd factor of ANOVA two-ways is not
significant, ANCOVA significance level is presented). A PCA
using the proteins matched on all gels was carried out on the
different experimental groups. For morphological, physio-
logical measurements and Cd content, significance was cal-
culated via a Student’s t-test, with control/treated as factors
and growth, Fv/Fm ratio, electrolyte leakage and Cd con-
centration, respectively, as the response.
3 Results
3.1 Morphological symptoms of cadmium treatment
After 7 days of Cd treatment, visual symptoms appeared
on the youngest leaves, still expanding in the beginning
of the treatment. These first symptoms were small necro-
tic spots, typical pinpoint necrosis, near the main leaf
vein (Figs. 1a and b). These pinpoint necroses could be
observed in about 65% of the treated plants. After 14 days,
20% of the observed leaves showed more severe symp-
toms, with larger necrotic lesions (,1 cm2) appearing on
the leaf surface (Fig. 1c). At this stage all the treated
plants were affected with pinpoint necroses. The de-
scribed symptoms, after the 14 days treatment were still
restricted to young leaves, which were expanding at the
beginning of the treatment. Primary growth (shoot) was
affected already after 3 days of treatment, treated plants
showing a significant decrease in growth (Student’s t-test,
p,0.01) (Fig. 2). This difference became more pro-
nounced during the experiment, control plants showing a
linear growth, whereas Cd-treated plants showed a com-
plete inhibition of growth from day 14 on.
Figure 1. (a and b) Poplar leaves
showing first toxicity symp-
toms, characteristic pinpoint
necroses near leaf vein after
7 days of Cd treatment (20 mM).
(c) Poplar leaf showing more
severe toxicity symptoms
(necrotic spots on leaf blade)
after 14 days of Cd treatment.
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Figure 2. Growth in cm since
day 0 of control plants and Cd
treated (20 mM CdSO4) at days 3,
7 and 14. ** Indicates p,0.01
and *** indicates p,0.001 for
Student’s t-test carried out for
each sampling date between
control and treated.
Table 1. Values of electrolyte leakage test (in %), Fv/Fm ratio and of Vj parameter, and the p-value of the Student’s t-test for each sampling
date between control and Cd-treated plants
Day 0 Day 3 Day 7 Day 14
Control Cd Control Cd Control Cd
Electrolyte leakage 15.43 6 6.1 12.96 6 2.9 11.99 6 3.0 12.93 6 2.5 13.03 6 8.8 14.13 6 8.5 15.63 6 6.9
Student’s t-test p = 0.45 p = 0.98 p = 0.60
Fv/Fm ratio 0.8495 6 0.0054 0.8523 6 0.0069 0.8485 6 0.0099 0.8536 6 0.0064 0.8483 6 0.0053 0.8491 6 0.0078 0.8467 6 0.0095
Student’s t-test p = 0.19 p = 0.10 p = 0.46
Vj 0.553 6 0.025 0.563 6 0.018 0.556 6 0.036 0.541 6 0.019 0.552 6 0.028 0.549 6 0.024 0.585 6 0.025
Student’s t-test p = 0.502 p = 0.275 p = 0.000469
3.2 Physiological parameters during cadmium stress
(Table 1)
The values of Fv/Fm recorded during Cd exposure in the
treated poplar plants showed no significant difference dur-
ing treatment as well as no difference with the values
recorded in control plants. Looking at the initial fluorescence
rise of the average curves, a difference in the first step could
be observed for day 14 Cd compared to control (curves not
shown) and a significant increase in the Vj parameter
describing this first step, can be observed. Electrolyte leakage
measurements showed no significant difference during
treatment as well as between treatment and control.
3.3 Cadmium accumulation data
Cd concentrations in control plants were similar to Cd con-
tent of untreated reference material (cabbage powder). After
3 days significant amounts of Cd accumulated in all tested
tissues of treated plants. During the treatment the amount
increased, with the highest concentration found in stems,
reaching a platform between days 7 and 14. In leaves, accu-
mulation showed a linear increase, from day 3 until day 14
(Fig. 3). Extrapolating the data of Cd concentration in dry
tissues with the fresh weight of plants (data not shown)
indicated that plants were able to absorb around 40% of the
initial Cd in the medium in the 14 days of treatment. As this
is consistent with a 50% medium loss through evapo-
transpiration, Cd concentration in the medium did not
change considerably during treatment.
3.4 Proteomics data
Approximately 1000 spots could be detected on each gel
(Fig. 6). Among these spots, 717 could be reliably matched
on all the gels and these are included in the statistical analy-
sis. An ANOVA two-way analysis (Cond1: time; Cond2:
treatment) identified 125 spots with an absolute variation of
at least 1.5-fold between control and treated samples
(p,0.05). A PCA analysis revealed a clear separation of the
control groups and Cd-treated groups, but only starting from
day 7 (Fig. 4). Control groups from all sampling dates are
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Figure 3. Cd content in poplar leaves (I) stems (II) and after 3, 7 and
14 days of Cd exposure. Letters indicate a significant Student’s t-
test (p,0.05) between sampling points. (III) Cd content in roots of
control and Cd-treated plants 14 days upon Cd exposure. Letters
indicate a significant Student’s t-test (p,0.05) between control and
Cd-treated plants.
Figure 4. PCA analysis of 125 differentially expressed proteins (p,0.05, two-ways ANOVA for treatment). Left panel shows the distribution
of the proteins regarding the two principal components (PC1 and PC2 explaining a cumulated 91.9% of all the variation). The right panel
shows the distribution of the experimental groups.
© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com
45
2520 P. Kieffer et al. Proteomics 2008, 8, 2514–2530
clustered together showing thus little influence of time dur-
ing treatment. From day 7 on, a separation on the first axis
can be observed between the treated groups and control
groups. This separation on the first axis is enhanced at
day 14. These first two axes explain 91.9% of the variation. A
hierarchical classification of these 125 spots resulted in the
clustering of two groups: 73 downregulated and 52 upregu-
lated (Fig. 5). Again Cd-treated groups from day 7 and day 14
clustered more closely together than control groups. As the
PCA showed that time of treatment was not a significant
factor in itself (all control groups from different sampling
times clustered together), and as a large fraction of the dif-
ferentially expressed proteins showed a linear up- or down-
regulation during treatment (no variation for control), an
ANCOVA was carried out using time as the cofactor. This
showed that 174 spots were differentially expressed (p,0.05).
The two analyses were combined resulting in a list of 194
proteins picked in Sypro Ruby (BioRad) stained gels loaded
with 300 mg of proteins. Finally, 118 proteins were identified
with a significant level of confidence (Table 2). Among these
proteins, a stepwise induction similar to the morphological
and physiological results could be observed. After 3 days,
only three proteins showed a differential expression. After
7 days, when the first visual symptoms could be observed, 27
proteins were differentially expressed. At 14 days, all of the
proteins (118) showed a significant up- or downregulation.
In short, a significant decrease in abundance could be
observed in the following functions (classified according to
Interpro and Uniprot database): proteolysis mechanisms (7),
protein folding (7), pathogenesis-related proteins (PR) (2),
carbon metabolism (26), photosynthesis (10), porphyrin and
chlorophyll metabolism (1), oxidative stress response (4),
gluthathione metabolism (2), L-ascorbic acid biosynthesis (1),
cell division (1), proton transport (1), chloroplastic protein
translation (1), oxidoreductase activity (3), hydrolysis metab-
olism (5) and miscellaneous (1).
While significant increase was observed for proteins
involved in: proteolysis mechanisms (5), protein folding (1),
PRs (6), carbon metabolism (6), oxidative stress response (7),
glutamine biosynthesis (2), cysteine biosynthesis (1), glu-
thathione metabolism (2), lignin biosynthesis (1), oxido-
reductase activity (5) and miscellaneous (10).
4 Discussion
For this study, P. tremula clones were exposed to Cd in a
hydroponic medium, in a controlled environment, to mini-
mize experimental variation and clearly distinguish Cd
exposure responses. At the macroscopic level, inhibition of
shoot growth was already observed after 3 days of Cd expo-
sure correlated with a significant amount of Cd present in all
tested tissues. At this stage no visual symptoms could be
observed and the analysed physiological parameters did not
show any significant modification. This is in accordance with
the literature, where shoot and root growth was similarly
impaired after 24 h (for shoot) and 48 h (for root) after treat-
ment with 50 mM Cd [28]. In the present study, after 14 days
of treatment shoot growth was almost completely inhibited,
although physiological parameters, chlorophyll fluorescence
and electrolyte leakage, did not indicate a severe impact.
Nonetheless, the measurements of chlorophyll fluorescence
from intact leaves is a reliable nonintrusive method to eval-
uate the physiological status and the efficiency of the photo-
system II and it has been used as an empirical diagnostic tool
in stress physiology [29, 30]. The Fv/Fm ratio represents the
maximum quantum yield of the primary photochemical
reaction of PSII, and it has been shown that environmental
stresses that affect PSII, lead to a characteristic decrease in
this ratio [29]. Only when looking at the initial fluorescence
rise of the average curves, a slight difference in the first step
could be observed for day 14 Cd compared to control (curves
Figure 5. Hierarchical clustering
of 125 differentially expressed
proteins (p,0.05, two-ways
ANOVA for treatment) showing
a clear separation between
downregulated and upregulated
proteins. Cd-treated gels (days 7
and 14) are clearly separated
from control gels; Cd 3 days gel
on the other hand cannot be
separated from control gels.
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75 gi)90189867 Protease-associated PA; proteinase
inhibitor I9, subtilisin propeptide
gi)92897070 0.0192 0.172 0.0426 1.02 21.13 22 1.86E – 02
80 5.44E 2 03 0.0598 0.0118 1.01 21.14 22.43 5.60E 2 03
103 0.0612 0.307 0.0117 1.18 21 22.06 5.23E 2 03
104 0.0646 0.0978 0.0117 1.2 21.01 22.04 7.95E 2 03
105 0.0475 0.0443 0.013 1.21 21.08 22.04 8.28E 2 03
76 gi)90190615 Protease-associated PA; proteinase
inhibitor I9, subtilisin propeptide
gi)92897070 5.27E 2 03 0.0138 7.13E 2 03 1.03 21.1 22.19 5.50E 2 03
102 gi)55700514 Protease-associated PA; proteinase
inhibitor I9, subtilisin propeptide
(Medicago truncatula)
gi)92897070 0.215 0.245 0.0676 1.18 1.02 21.7 3.20E 2 02
1884 gi)23996423 Kunitz trypsin inhibitor TI3 (P. tremula) gi)53139734 3.96E 2 03 0.539 0.342 3.06 1.26 2.87
1989 gi)18006608 Kunitz trypsin inhibitor TI3 (P. tremula) gi)53139734 0.0625 0.197 0.124 1.09 1.16 2.47 2.36E 2 02
1632 gi)52513344 Proteasome subunit a-type 5 (20S proteasome
a-subunit E) (20S proteasome subunit a-5)
gi)12229923 0.0757 0.0222 7.32E 2 03 21.05 21.06 2.11 4.35E 2 03
1353 gi)33185000 OSJNBb0059K02.8 (Oryza sativa (japonica
cultivar-group))
gi)38345906 2.17E 2 03 0.441 1.02E 2 03 21.02 1.15 2.31 2.56E 2 04
1357 5.40E 2 03 0.827 0.0359 1.15 1.2 2.46 1.87E 2 02
Protein folding
215 gi)46841869 Heat-shock protein 70 (Cucumis sativus) gi)1143427 0.0158 0.0701 0.0795 21.05 21.15 21.81 4.98E 2 02
219 gi)56821994 Stromal 70 kDa heat-shock-related protein,
chloroplast precursor
gi)399942 0.0233 0.0345 0.0947 21.05 21.1 21.89 7.63E 2 02
277 0.0161 0.0101 0.344 21.22 21.24 21.77 5.05E 2 01
1738 gi)24013397 GroES-like (M. truncatula) gi)92891804 4.82E 2 03 3.52E 2 03 0.0823 1.31 1.05 1.77 1.37E 2 01
1711 gi)27420503 Chloroplast chaperonin 21 (Vitis vinifera) gi)50660327 2.15E 2 03 2.68E 2 03 0.0969 21.14 21.23 21.75 1.71E 2 01
1741 gi)52519679 Chloroplast chaperonin 21 (V. vinifera) gi)50660327 2.98E 2 03 0.0152 0.162 21.14 21.23 21.69 1.47E 2 01
2005 gi)24057066 ROC4; peptidyl-prolyl cis–trans isomerase
(A. thaliana)
gi)15228674 0.0385 2.56E 2 03 0.0261 1.13 21.14 21.86
2008 gi)56822894 ROC4; peptidyl-prolyl cis–trans isomerase
(A. thaliana)
gi)15228674 1.11E 2 03 0.0304 0.0166 1.02 21.5 22.06 3.77E 2 02
PRs
1835 gi)38599948 Putative thaumatin-like protein
(Solanum tuberosum)
gi)53830843 1.19E 2 03 1.48E 2 04 1.06E 2 03 1.3 21.03 17.71
674 gi)24104590 Putative b-1,3-glucanase (A. thaliana) gi)4544403 2.14E 2 04 2.93E 2 04 0.022 1.28 1.44 3.02
1185 gi)14489132 b-1,3-Glucanase (Sesbania rostrata) gi)82949446 4.72E 2 04 6.51E 2 04 1.39E 2 03 1.04 1.88 6.74 9.61E 2 04
1190 gi)14490938 b-1,3-Glucanase (S. rostrata) gi)82949446 2.25E 2 04 6.30E 2 04 4.66E 2 03 1.17 4.14 16.66 8.44E 2 03
1433 gi)73901281 Class I chitinase (Medicago sativa) gi)1800141 1.42E 2 06 7.14E 2 05 1.65E 2 03 1.29 7.88 9.18 1.32E 2 02
2322 gi)60694413 Class I chitinase (M. sativa) gi)1800141 7.11E 2 08 4.16E 2 06 8.78E 2 05 1.36 5.23 19.87 1.92E 2 07
2210 gi)24099616 Pollen allergen-like protein (A. thaliana) gi)21593946 0.0288 0.361 0.171 1.06 21.3 21.61 7.36E 2 02
2212 1.13E 2 04 9.57E 2 04 3.86E 2 04 21 21.36 22.81 2.50E 2 03
Carbohydrate metabolism
347 gi)73874292 RuBisCO large subunit-binding protein
subunitb, chloroplast precursor (60 kDa
chaperonin subunit-b) (CPN-60 b)
gi)134101 0.0577 0.348 0.191 21.09 21.06 22.02 3.77E 2 02
354 0.0642 0.331 0.0787 1.03 21.02 21.78 2.60E 2 02
355 0.0123 0.199 0.238 21.26 21.21 21.97 1.01E 2 01
356 1.61E 2 04 0.218 4.18E 2 03 21.23 21.24 22.67 5.22E 2 03
358 gi)90187106 RuBisCO large subunit-binding protein
subunit-a, chloroplast precursor (60 kDa
chaperonin subunita) (CPN-60 a)
gi)134101 1.79E 2 05 0.0102 6.37E 2 04 21.23 21.25 23.03 3.83E 2 03
360 1.28E 2 04 7.47E 2 03 2.79E 2 03 21.17 21.25 22.99 9.08E 2 03
549 1.52E 2 04 0.34 0.166 21.58 21.65 23.22 1.85E 2 01
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361 gi)90187098 Putative rubisco subunit-binding protein a
subunit (Trifolium pratense)
gi)84468456 3.78E 2 03 0.0174 0.0151 21.03 21.1 21.97 1.90E 2 02
547 1.10E 2 03 0.748 0.519 21.59 21.96 23.04 2.48E 2 01
555 1.11E 2 03 0.259 0.22 21.47 21.42 22.76 2.46E 2 01
661 gi)52531771 RuBisCO activase 2 (Gossypium hirsutum) gi)12620883 5.48E 2 04 3.15E 2 03 2.89E 2 03 1.05 21.3 21.91 2.20E 2 03
666 1.15E 2 03 2.63E 2 03 6.60E 2 03 1.03 21.42 22.41 1.22E 2 02
679 0.0524 8.90E 2 03 0.0166 1.23 21.17 22.52 6.76E 2 03
1439 0.0239 0.0194 0.785 21.41 21.61 21.72 8.55E 2 01
1461 0.0108 0.724 5.50E 2 03 21.14 1.21 1.89 4.99E 2 04
836 gi)73901918 RuBisCO activase 2 (G. hirsutum) gi)12620883 0.0106 0.109 0.0649 21.06 21.19 22.19 7.36E 2 02
838 gi)73901442 Ribulose bisphosphate carboxylase/
oxygenase activase, chloroplast
precursor (RuBisCO activase) (RA)
gi)68565782 1.20E 2 04 1.92E 2 03 5.86E 2 03 21.08 21.3 22.03 1.52E 2 02
1729 gi)50060961 Ribulose bisphosphate carboxylase/
oxygenase activase, chloroplast
precursor (RuBisCO activase) (RA)
gi)3914605 0.016 0.067 0.89 21.42 21.64 21.62 9.57E 2 01




gi)2499728 1.93E 2 03 0.0845 0.041 21.02 21.22 21.53 1.40E 2 02
1690 gi)90190393 Chloroplast ribose-5-phosphate isomerase
(Spinacia oleracea)
gi)18654317 0.0257 1.98E 2 03 0.275 21.14 21.2 21.81 3.47E 2 01
905 gi)50061799 Chloroplast latex aldolase-like protein
(Manihot esculenta)
gi)56122688 0.111 0.0999 0.0515 21.14 1.32 1.57 7.42E 2 03
1013 gi)73869561 Chloroplast latex aldolase-like protein
(M. esculenta)
gi)56122688 0.0321 0.487 0.347 21.02 21.2 21.71 8.08E 2 02
1615 gi)90189806 Triosephosphate isomerase, cytosolic (TIM)
(triose-phosphate isomerase)
gi)1351279 0.0175 0.0342 0.0862 21 21.09 21.67 4.40E 2 02
1617 gi)73891230 Triosephosphate isomerase, cytosolic (TIM)
(triose-phosphate isomerase)
gi)1351279 0.0221 0.0311 0.0581 1.04 21.19 21.61 2.71E 2 02
1626 0.0365 0.113 0.0466 1.07 21.15 21.55 1.61E 2 02
1658 gi)27410724 Triosephosphate isomerase, chloroplast
precursor (TIM) (triose-phosphate
isomerase)
gi)13431949 0.0441 0.191 0.0946 1.13 21.22 21.63 3.45E 2 02
1668 0.0787 2.85E 2 03 0.0271 1.21 21.26 22.08 3.05E 2 02
1541 gi)55734969 Carbonic anhydrase (P. tremula x P.
tremuloides)
gi)1354517 0.048 0.0544 0.247 1.08 21.43 21.71 1.57E 2 01
1148 gi)24076455 Putative fructokinase 2; S1 self-
incompatibility locus-linked 3.16 protein
(Petunia integrifolia subsp. inflata)
gi)33329198 2.22E 2 03 0.183 6.17E 2 03 1.01 1.3 4.04 1.87E 2 02
440 gi)73871151 Myo-inositol 1-phosphate synthase
(Passiflora edulis f. flavicarpa)




gi)3914394 0.0317 6.58E 2 04 0.0764 1.02 1.18 1.91 1.14E 2 03
802 gi)24065937 a-Amylase precursor (1,4-a-D-glucan
glucanohydrolase)
gi)113781 0.0101 1.02E 2 03 0.397 1.4 1.46 2.47 8.07E 2 02
Photosynthesis
Respiratory electron transport chain
2063 gi)50061986 Cytochrome b6-f complex iron-sulphur
subunit, chloroplast precursor
gi)21311 0.0221 0.0985 0.241 1.03 21.53 22 1.49E 2 01
1235 gi)73899201 chloroplast ferredoxin-NADP1
oxidoreductase precursor
(Capsicum annuum)
gi)6899972 7.59E 2 03 0.751 0.229 21.02 21.63 22.09 4.84E 2 02
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1423 gi)52396799 Oxygen-evolving enhancer protein 1,
chloroplast precursor (OEE1) (33 kDa
subunit of oxygen-evolving system of
photosystem II) (OEC 33 kDa subunit)
(33 kDa thylakoid membrane protein)
gi)11134054 0.758 9.23E 2 04 7.10E 2 03 1.2 1.19 21.59 3.60E 2 03
1441 0.266 1.22E 2 04 0.0222 1.19 1.01 21.85 1.25E 2 02
1475 gi)27411145 Oxygen-evolving enhancer protein 1
precursor (Bruguiera gymnorhiza)
gi)119952178 0.332 6.21E 2 04 0.0104 1.16 1.12 21.73 4.22E 2 03
1480 0.204 5.14E 2 05 8.46E 2 03 1.18 1.11 22.41 1.77E 2 02
1484 gi)18007062 Oxygen-evolving enhancer protein 1
precursor (B. gymnorhiza)
gi)119952178 0.384 5.74E 2 05 9.00E 2 03 1.25 1.13 21.88 6.67E 2 03
1785 gi)55735291 Oxygen-evolving enhancer protein 2,
chloroplast precursor (OEE2) (23 kDa
subunit of oxygen-evolving system of
photosystem II) (OEC 23 kDa subunit)
(23 kDa thylakoid membrane protein)
gi)131390 0.256 1.88E 2 03 0.0363 1.06 1.08 21.54 4.99E 2 02
1885 gi)60693979 Oxygen-evolving enhancer protein 2,
chloroplast precursor (OEE2) (23 kDa
subunit of oxygen-evolving system of
photosystem II) (OEC 23 kDa subunit)
(23 kDa thylakoid membrane protein)
gi)131390 0.203 4.01E 2 03 0.0101 1.11 1.12 21.79 1.50E 2 02
2019 gi)52387287 Oxygen-evolving enhancer protein 2,
chloroplast precursor (OEE2) (23 kDa
subunit of oxygen-evolving system of
photosystem II) (OEC 23 kDa subunit)
(23 kDa thylakoid membrane protein)
gi)131390 4.11E 2 03 1.30E 2 05 2.57E 2 03 1.01 21.06 22.59 2.20E 2 02
Porphyrin and chlorophyll metabolism
690 gi)57895225 Glutamate-1-semialdehyde 2,1-aminomutase
(Nicotiana tabacum)
gi)19875 0.0293 0.825 0.0462 1.27 21.3 22.56 6.94E 2 03
Response to oxidative stress
579 gi)90190248 Peroxidase (N. tabacum) gi)14031049 3.37E 2 06 2.29E 2 05 8.04E 2 04 1.07 1.7 2.4 1.05E 2 06
633 5.47E 2 05 4.98E 2 05 0.0301 1.21 1.33 2.06 2.06E 2 03
881 gi)57894628 Peroxidase (N. tabacum) gi)14031049 2.94E 2 04 2.53E 2 03 0.0423 1.2 1.74 2.38 2.24E 2 03
2147 gi)73902934 Putative thioredoxin peroxidase (O. sativa
(japonica cultivar-group))
gi)46389828 0.0309 3.43E 2 03 0.0176 1.24 21.32 22.24 2.38E 2 02
2163 gi)24103400 CuZn-SOD (P. alba x P. tremula var.
glandulosa)
gi)52313438 3.90E 2 03 1.11E 2 04 2.58E 2 03 1.05 21.12 22.38 1.01E 2 02
2177 gi)90187171 Putative CuZn-SOD (P. tremula x P.
tremuloides)
gi)13274148 0.144 0.0131 0.0708 1.11 21.12 21.5 2.99E 2 02
2258 gi)52387863 Cytoplasmic Cu/Zn-SOD (P. suaveolens) gi)95106179 0.0419 0.0473 0.07 21.02 21.39 22.4 2.11E 2 01
433 gi)27422733 Aldehyde dehydrogenase 1 precursor (Lotus
corniculatus)
gi)29373073 2.48E 2 04 9.72E 2 04 0.0228 1.11 1.57 2.48 5.83E 2 03
445 2.82E 2 04 6.07E 2 04 1.04E 2 03 21.16 1.88 2.74 9.50E 2 06
435 gi)27415523 Mitochondrial aldehyde dehydrogenase
(A. thaliana)
gi)19850249 6.31E 2 03 0.0125 0.22 1.19 1.64 2.22 3.75E 2 02
444 1.35E 2 04 7.44E 2 04 3.47E 2 03 1.01 1.59 2.77 3.99E 2 04
Glutamine biosynthesis
925 gi)73870318 Glutamine synthetase 1 (Datisca glomerata) gi)39636489 3.02E 2 03 5.37E 2 03 0.0567 1.04 1.58 2.52 5.22E 2 03
929 6.45E 2 05 4.86E 2 05 2.81E 2 04 1.01 1.33 2.77 4.56E 2 06
Cysteine biosynthesis
1146 gi)52535615 O-acetylserine (thiol)lyase (P. alba x P. tremula) gi)34099833 1.30E 2 04 1.90E 2 02 1.40E 2 02 1.04 1.3 1.58 6.85E 2 03
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1755 gi)38595431 GST, N-terminal domain containing protein,
expressed (O. sativa (japonica
cultivar-group))
gi)108706051 6.27E 2 03 2.62E 2 03 0.0911 21.11 21.16 1.83 1.30E 2 01
1759 gi)24048607 GST, N-terminal domain containing protein,
expressed (O. sativa (japonica
cultivar-group))
gi)108706051 0.017 0.0267 0.0592 1.02 21.15 21.64 2.69E 2 02
1783 gi)38596161 GST (Euphorbia esula) gi)7649155 4.82E 2 03 3.52E 2 03 0.0823 1.31 1.05 1.77 3.47E 2 02
1790 0.0145 1.06E 2 03 0.0227 1.02 1.12 1.89 5.71E 2 03
Ascorbate biosynthesis
737 gi)56821314 GDP-D-mannose-30 ,50-epimerase (Malpighia
glabra)
gi)80973462 9.05E 2 03 0.0314 0.0479 1.04 21.33 21.82 5.75E 2 02
Oxidoreductase activity
1037 gi)73901588 Quinone oxidoreductase-like protein
(A. thaliana)
gi)21553644 0.0221 0.0149 0.059 21.01 21.02 22.16 4.83E 2 02
1559 gi)27420230 Putative tropinone reductase (A. thaliana) gi)3980399 0.0126 3.49E 2 03 0.0274 1.04 21.22 21.75 3.94E 2 02
1610 gi)24065683 Putative tropinone reductase (A. thaliana) gi)3980416 2.90E 2 06 1.33E 2 04 7.70E 2 04 1.16 2.56 6.62 3.99E 2 04
1825 gi)24108131 1,4-Benzoquinone reductase-like;
Trp-repressor binding protein-like
(A. thaliana)
gi)8885593 8.51E 2 03 0.0617 0.103 1 1.29 1.5 3.42E 2 02
1847 59.02999878 1,4-Benzoquinone reductase-like;
Trp-repressor binding protein-like
(A. thaliana)
gi)8885593 3.58E 2 04 2.32E 2 03 8.39E 2 04 21.08 1.48 3.42 2.39E 2 03
1855 3.24E 2 06 2.69E 2 05 1.12E 2 04 1.25 1.23 2.96 4.77E 2 06
1877 gi)52528350 Putative quinone oxidoreductase
(Cicer arietinum)
gi)21068664 9.90E 2 08 1.35E 2 05 1.78E 2 05 1.09 2.3 5.83 1.97E 2 06
1922 gi)73882238 Putative quinone oxidoreductase (C. arietinum) gi)21068664 0.0498 4.23E 2 04 0.022 1.17 21.15 22.06 6.46E 2 02
Lignin biosynthesis




gi)231757 5.80E 2 06 2.73E 2 03 6.45E 2 04 1.01 1.62 2.12 5.75E 2 05
Cell division
1060 gi)24002634 Plastid-dividing ring protein (S. tuberosum) gi)47156057 2.24E 2 03 4.58E 2 04 2.68E 2 03 21.08 21.05 22.13 1.87E 2 02
Translation (chloroplast)
744 gi)56834459 30S ribosomal protein S1, chloroplast
precursor (CS1)
gi)133872 5.95E 2 03 0.0301 0.0182 1.02 21.23 22.01 9.01E 2 03
ATP synthesis coupled proton transport
887 gi)56822226 Vacuolar H1-ATPase subunit C (G. hirsutum) gi)111154399 0.11 0.0134 0.0652 21.04 1.05 1.54 1.57E 2 02
Hydrolytic metabolism
651 gi)56824341 Amidase (M. truncatula) gi)92890069 0.021 0.0279 0.0193 1.12 21.22 21.79 2.64E 2 02
698 gi)52397316 Lipase/hydrolase, putative (A. thaliana) gi)2159241 0.424 0.0919 0.14 1.31 21.12 21.58 4.97E 2 02
1288 gi)90189609 HAD-superfamily hydrolase, subfamily IIA
(M. truncatula)
gi)92867882 5.04E 2 03 5.63E 2 04 0.0174 1.01 21.16 21.68 1.18E 2 02
1091 gi)27411631 CXE carboxylesterase (Malus pumila) gi)82697951 0.0274 0.723 0.0801 21.04 21.12 21.61 3.45E 2 02
1369 gi)73871179 CXE carboxylesterase (M. pumila) gi)82697945 0.0162 0.494 0.282 21.05 21.22 21.58 1.03E 2 01
Miscellaneous
Auxin-mediated signalling pathway
1964 gi)38584911 Auxin-binding protein ABP19 (Prunus persica) gi)4098517 0.0383 4.60E 2 04 0.0159 1.19 21.16 22.17 5.26E 2 02
Isoprenoid biosynthesis
© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com
50


























769 gi)24048488 Acetoacetyl-CoA thiolase (Picrorhiza kurrooa) gi)85700246 1.19E 2 03 0.2 0.0825 1.18 1.43 2.58 5.61E 2 02
Riboflavin metabolism
1862 gi)23964302 putative riboflavin synthase a-chain
(A. thaliana)
gi)20197688 0.0227 0.769 0.0945 1.03 1.13 1.51 4.17E 2 02
906 gi)73868170 Patatin-like protein 3 (N. tabacum) gi)9794870 3.53E 2 03 0.0166 0.0203 21.08 2.79 2.32 1.00E 2 01
1149 gi)52532658 SHOOT1 protein (Glycine max) gi)13650078 0.012 0.132 0.0728 21.07 1.92 1.68 1.23E 2 02
1516 gi)24057134 Similar to SOUL Protein (A. thaliana) gi)5734756 0.0253 0.442 0.15 1.02 1.25 1.63 5.07E 2 02
1927 gi)73894589 Translationally controlled tumor-like protein
(Arachis hypogaea)
gi)115187479 5.54E 2 03 0.236 0.0504 21.1 1.92 5.59
1229 gi)55734332 Survival protein SurE (M. truncatula) gi)92893321 0.0189 0.128 0.0164 21.06 1.11 1.65 6.17E 2 03
1391 gi)24064795 Fibrillin (Coffea canephora) gi)76560800 2.79E 2 05 3.88E 2 03 3.34E 2 04 1.15 1.24 3.06 1.89E 2 05
1392 gi)52533453 Plastid lipid-associated protein, chloroplast
precursor (CitPAP)
gi)62900641 8.23E 2 05 0.159 1.36E 2 03 1.02 1.4 2.57 1.14E 2 04
2184 gi)23977995 RNA-binding glycine-rich protein-1 (RGP-1a)
(Nicotiana sylvestris)
gi)2674201 0.0127 0.178 0.0209 21.24 1.98 2.67 9.05E 2 01
a) Function/protein name of protein obtained via the MASCOTsoftware (www.matrixscience. com) by blasting the ESTagainst the NCBInr
database.
b) Spot number represents the number on the master gel.
c) Accession number of the top ESTsequence in the NCBInr database.
d) Accession number of the corresponding protein in the NCBInr database.
e) p-value of the two-ways ANOVA concerning the Cd factor.
f) For the time factor.
g) For the interaction (p,0.05 in italics; p,0.01 in bold).
h), i), j) Average ratio of the protein abundance (Cd/control) on different days (3, 7 and 14). Positive values are given as such, while negative
values are given according to the following formula: given value = 21/average ratio.
k) p-value of the ANCOVA analysis.
not shown). This intermediate step is described by Strasser et
al. [31], and a significant increase in the Vj parameter can be
observed (Table 1). This parameter describes the photo-
chemical part of the electron transfer chain in PSII, more
precisely the electron transfer from the chlorophylls leading
to the complete reduction of the primary plastoquinone QA
pool into QA
2. A physiological explanation, based on this pa-
rameter only is although difficult to make. The physiological
test for electrolyte leakage showed no difference, even after
14 days. Cd concentrations in stems did not change signifi-
cantly after day 7, whereas concentrations in leaves increased
linearly, remaining however lower than in stems. This indi-
cated a faster Cd accumulation in stems, which is very
promising for phytoremediation purposes. Visual symptoms
supported this observation, as small necrotic spots appeared
in the youngest sink leaves, and mainly just beside the main
leaf vein after 7 days. After 14 days, more severe toxicity
symptoms could be observed with larger necrotic spots
appearing on the leave blade.
Proteomic changes assessed in these young leaves also
followed a similar dynamic; after 3 days of Cd exposure only
three proteins showed a significant differential expression,
whereas after 7 days 26 proteins were differentially expres-
sed. After 14 days of Cd exposure, a total of 118 proteins were
differentially expressed. During the following discussion,
proteins will be mostly referred to by their functions, as
inferred by blasting the identified EST against NCBI data-
base, and not necessarily by their EST accession number as
given in Table 2. The corresponding spot numbers will thus
be indicated in brackets to facilitate the comprehension, and
their location on the gel image (Fig. 6).
Several proteins related to the oxidative stress response,
like the three isoforms of class III peroxidases, showed an
increase in protein abundance as earliest response to Cd
(579, 633, 881). Class III peroxidase comprises the secretory
plant peroxidases with their main function being the
removal of hydrogen peroxide from chloroplasts and cytosol
[32]. Several quinone oxidoreductases were also increasing in
abundance (1610, 1825, 1847, 1855, 1877). Among them
were two proteins (1847, 1825) belonging to the WrbA family
(Tryptophan-repressor binding protein A), which can con-
tribute to limit an overproduction of ROS. Quinone reduc-
tases carry out two-electron reductions of quinone and may
thus protect cells against oxidative stress, as the rate of for-
mation of semiquinones, contributing to the formation of
ROS, is reduced [33]. One important consequence of oxida-
© 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim www.proteomics-journal.com
51
2526 P. Kieffer et al. Proteomics 2008, 8, 2514–2530
Figure 6. Image of a CyDye colored gel (Cy2 Standard, used as Mastergel). Identified proteins are labelled with their respective spot
number.
tive stress is lipid peroxidation, producing toxic intermediate-
chain-length aldehydes. Toxic aldehydes can be eliminated to
their respective carboxylic acids through the activity of alde-
hyde dehydrogenases, a diverse protein family [34]. All iden-
tified isoforms (433, 435, 444, 445) increased their expression
during the Cd exposure. These isoforms show a homology
(blast of the poplar EST against NCBInr) to ALDH2B7
(Aldehyde dehydrogenase 2B7), a mitochondrial aldehyde
dehydrogenase belonging to family 2 from A. thaliana. In
rice, a homologous isoform is responsible for detoxification
of acetaldehyde during reaeriation after submergence [35].
In our study, other oxidative stress-related proteins
showed a decrease in abundance after Cd treatment. Among
them were Cu/Zn superoxide dismutases (SOD), which cat-
alyse the reduction of superoxide anions to hydrogen per-
oxide. Three isoforms of Cu/Zn-SOD (2163, 2177, 2258)
showed a decrease in abundance. Although it is surprising to
see such an important ROS detoxifying protein down-
regulated, this has also been observed in several other stud-
ies, which showed that Cu/Zn-SOD mRNA expression, pro-
tein abundance [36] as well as activity [28] decreased in plants
upon Cd stress, probably due to a reduced availability of Cu
and Zn induced by Cd.
An isoform of thioredoxin peroxidase (2147) also
decreased in abundance; it belongs to the peroxiredoxin
family, using thioredoxin as an electron donor. Thioredoxin
peroxidase plays a role in antioxidant defence and is regu-
lated by endogenous and environmental stimuli at both the
transcript and protein levels [37].
This decrease in abundance of several important ROS-
coping enzymes could contribute to a general imbalance of
ROS generation/detoxication, leading to oxidative stress.
Similarly, a decrease in GDP-mannose-30,50-epimerase (737),
a key enzyme in de novo ascorbate synthesis [38] could result
in a decrease in the content of ascorbate, enhancing the
imbalance of ROS generation/detoxication. Indeed ascorbate
(vitamin C) functions as a cofactor for enzymes in the Halli-
well–Asada pathway and as an antioxidant.
Plant response to Cd-induced oxidative stress is often
mediated through accumulation of antioxidative metabolites
such as ascorbate and GSH. Several proteomic studies on Cd
responses in plants, showed the importance of the GSH and
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phytochelatin metabolism in response to Cd toxicity [21, 22].
In both studies, Cd treatment induced an accumulation of
GSH and phytochelatins. In the present work, only two pro-
teins could be linked to the amino acid biosynthesis path-
ways, both were increasing in abundance. Glutamine syn-
thetase (925, 929), one of the key enzymes in nitrate assim-
ilation leading to biosynthesis of glutamate and O-
acetylserine (thiol)lyase (1146), which incorporates sulphide
into O-acetylserine forming cysteine in the final step in sul-
phate assimilation [39]. An upregulation of the GSH synthe-
sis pathway, by the means of glutamate and cysteine biosyn-
thesis, could be an attempt to rebalance a depletion of GSH
by Cd, and by this way limit oxidative stress and ROS gen-
eration, and also detoxify directly Cd by chelating it.
Another result, which could be linked to the presence of
oxidative stress, is that Cd exposure induced several proteins
usually tied to biotic stress responses, like Kunitz trypsin in-
hibitor proteins (1884, 1989), which are expressed to coun-
teract and inhibit the proteinase activity of excreted trypsin-
like serine proteinases from various lepidopteran and
coleopteran pests [40]. Several proteins belonging to the PR
family showed the most marked fold-increase in abundance,
with average ratios ranging from 3 to 19.9. Among them are
several class I chitinases (1433, 2322), belonging to the PR-
3 family [41], several b-1,3-glucanases (674, 1185, 1190)
belonging to the PR-2 family [42] and a member of the PR-5
family, thaumatin-like protein (1835). Chitinases and b-1,3-
glucanases degrade important constituents of fungal cell
walls, and are expressed upon a pathogen attack as a primary
defence mechanism [43]. Chitinases are also known as anti-
freeze proteins (AFP), protecting cells against frost damage
[44]. Other abiotic stresses provoking oxidative damage like
ozone exposure, drought and Cd stress, also induced the
expression of PR [45–47]. This strong upregulation of PR
indicated that similar signalling pathways are shared be-
tween biotic stress responses and Cd exposure. The tissue
damage, as could be seen in the appearance of necrotic spots,
indicated also Cd-induced oxidative stress and it is not sur-
prising to see programmed cell death (PCD) related and
proteins involved in proteolysis mechanisms upregulated.
Cysteine proteinase (1353, 1357), are endoproteases upregu-
lated in response to various biotic and abiotic stresses, in
senescent tissues and in PCD [48–50] and the proteasome
20S complex (1632), is an ATP-dependent multisubunit pro-
tease complex. Proteins modified by oxidative stress, such as
induced by Cd exposure undergo a selective degradation by
this complex, even without requiring ubiquitin or ATP [51].
Besides the negative impact on the antioxidant status, a
similar impact on other metabolic functions is obvious from
the high number of proteins, including 29 proteins involved
in carbon metabolism and 10 involved in photosynthesis,
that were downregulated. Several enzymes involved in car-
bon fixation are downregulated as was previously concluded
in a study on rice leaves [52]. These include isoforms of
ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO)
subunit-binding proteins (belonging to the HSP60 chaper-
onin family) (347, 354, 355, 356, 358, 360, 361, 547, 549, 555,
1711, 1741) and RuBisCO activases (661, 666, 679, 1439, 836,
838, 1729, 1713). Together the decrease observed for these
two groups of spots indicate the lowering of the efficiency of
CO2 fixation. An idea supported by the downregulation of an
isoform of carbonic anhydrase (1541), an important enzyme
in many biological functions involving carboxylation/de-
carboxylation [53], and of several proteins involved in regen-
eration of ribulose-1.5-bisphosphate (i.e aldolase (1013),
triose-phosphate isomerase (1615, 1617, 1625, 1658, 1668),
ribulose-phosphate 3-epimerase (1713) and ribose-5-phos-
phate isomerase (1690)). Taken together, the downregulation
of these proteins indicates the general suppression of carbon
fixation in Cd-exposed plants.
Linked with the suppression of carbon fixation is the
observed downregulation of proteins involved in the light
phase of photosynthesis; cytochrome b6-f (2063) and ferre-
doxin-NADP1 reductase (1235). To avoid photooxidative dam-
age, downregulation of carbon fixation, the major sink for ATP
and nicotinamide adenine dinucleotide phosphate (NADPH),
must be counterbalanced by a suppression of photosynthetic
electron transport. Concomitantly, different proteins of the
photosystem II complex: oxygen-evolving enhancer protein 1
(1423, 1441, 1475, 1480, 1484) and 2 (1785, 1885, 2019) as well
as a key enzyme in the chlorophyll biosynthesis (glutamate-1-
semialdehyde 2.1 aminomutase (690)), were suppressed.
Slowing down of carbon fixation creates the need to
remobilize energetic storages and different proteins involved
in the use of other sources of carbon were upregulated to
supply the required energy and reductive power for detox-
ification and repair. a-Amylase (802) responsible for starch
degradation, but also fructokinase 2 (1148) were upregu-
lated. The later indicates that fructose, requiring phospho-
rylation prior to its entry in the glycolysis, is used as energy
source. The upregulation of phosphoglycerate mutase, an
enzyme that destines 3-PGA to glycolysis instead of carbo-
hydrate biosynthesis, further indicates the use of energy
reserves as was previously described for other types of abiotic
stress [19, 54].
Finally, several proteins were identified for which their
role during Cd stress could not be stated. Their function may
either not be clear, or the available information is insufficient
to give any sustainable hypothesis for their implication in Cd
stress responses.
Taking into account all the data from this study, a picture
begins to emerge of what may happen in poplar leaves dur-
ing Cd exposure. Upon entry of Cd in the plants, protein
expression of various metabolic pathways was deleteriously
affected. Among the proteins decreasing in abundance, were
several proteins from the oxidative stress response mechan-
ism. This probably created a cellular condition of oxidative
stress and ROS overproduction, resulting in the activation of
general stress response proteins, like PR, normally asso-
ciated with the oxidative burst during biotic stress responses.
This idea of oxidative stress is supported by the appearance
of visual symptoms, like necrotic spots and an important
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reduction in growth. Furthermore, proteinases, generally
expressed during PCD and in senescent tissues, were
increased. A deleterious effect of Cd on the Calvin cycle and
on photosynthetic electron transport could be deduced from
several proteins decreasing in abundance. A less efficient
CO2 fixation could be expected with the decrease in RuBisCO
activases, RuBisCO subunit-binding protein and carbonic
anhydrase. Additionally, several proteins responsible for
recycling of ribulose 1,5-bisphosphate were repressed. Two
proteins from the electron transport chain in chloroplasts
were repressed. These deleterious effects could induce a
shortage of energy in Cd-exposed leaves, which is increased
also by the high reducing power needed for maintaining
oxidative stress as low as possible, and indeed growth is al-
most inhibited on day 14. This leads to a remobilization of
carbon from starch to feed carbon catabolism, as indicated by
the increase in a-amylase. A detailed analysis of leaf carbo-
hydrate and starch content could give valuable clues about
the use of carbon. Among the metabolic pathways that
seemed to be stimulated were the GSH pathway, via the
upregulation of glutamate and cysteine biosynthesis, to
resupply the GSH bound to Cd. This could be verified by
analysing reduced and oxidized GSH as well as phytochela-
tin content in treated plants. For phytoremediation purposes
the important accumulation of Cd in stems is very promis-
ing, even with an inhibition of growth at 20 mM Cd applied
hydroponically. In low or moderate Cd-contaminated soils,
the impact on growth would probably be negligible. A
greenhouse experience using P. alba clones in low-con-
taminated soils, is being currently carried out. A detailed
proteomic analysis of other organs (roots and stems) could
be considered as well as comparing the proteomic changes in
these organs. Considering that after 14 days of 20 mM Cd
treatment none of the proteins (up- or downregulated) seem
to reach a plateau or inverse the tendency, and none of the
tested physiological parameters seem to indicate a strong
impact of Cd, apart from visual symptoms and morphologi-
cal growth measurements, a more prolonged Cd exposure
was carried out, with sampling starting on day 14 and ending
on day 56. First results confirmed protein changes for day 14
and additional changes were found after 28 and 56 days,
respectively (unpublished results).
In conclusion, Cd appears to have an important deleter-
ious effect on primary carbon metabolism and oxidative
stress response mechanism, explaining the strong reduction
in growth and the appearance of necrotic spots on youngest
leaves. The important accumulation of Cd in stems (and
leaves) of poplar trees, and an apparent low impact of Cd on
the tested physiological parameters promote the use of
poplar trees for phytoremediation purposes, in the case of
low or moderate Cd-contaminated soils.
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3.2. Chapter 2 : Combining proteomics and metabolite analyses to 
unravel cadmium stress-response in poplar leaves
3.2.1. Introduction
The results of the first  set of studies presented in Chapter 1 were quite promising, as 
many important  changes in protein expression could be revealed. The experimental 
design proved satisfactory in the sense that an immediate and important stress 
response could be observed, without exceeding a threshold were the whole plant 
would perish and the results would only be an expression of acute stress syndrome, 
with no “space” left for adaptation. The results of the first study  did also raise some 
new questions. Indeed, protein expression changes in the first study indicated an 
almost linear increase or decrease, without plateauing off, for many  protein spots and 
it seemed important to lengthen the exposure time, the see how these proteins would 
be expressed in the long run, and more specifically to differentiate possible stress 
response proteins from proteins involved in a more long-term adaptation response. 
Among these protein spots were some typically stress-related and stress response 
proteins like pathogenesis related proteins, normally associated with an oxidative 
burst during biotic stress response. This increase was concomitant with a decrease in 
oxidative stress response proteins. Also several proteins involved in carbon 
metabolism, and from the Calvin cycle as well as some photosynthetic electron 
transport proteins showed a differential expression. It seemed important to check the 
expression of these groups of proteins during long-term exposure, and the leaf 
proteome analysis was again in the heart of this second study. Additionally, to 
confront protein expression with a biochemical result  in the cell and in this way to add 
57 
a bit of perspective to our first sketch, it was decided to perform a biochemical HPLC 
analysis of carbohydrates and pigments during this second longer term study. To 
confirm cadmium concentrations in tissues, we performed a second assessment of 
cadmium accumulation in various tissues. The experimental setup remained the same; 
this allowed to verify visual changes of the first set of experiments, but in this second 
set of experiences, sampling only started at 14 days and was also carried out  on day 
28 and 58 of cadmium treatment, with the same sampling method.
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A proteomic analysis of poplar leaves exposed to cadmium, combined with biochemical analysis of
pigments and carbohydrates revealed changes in primary carbon metabolism. Proteomic results
suggested that photosynthesis was slightly affected. Together with a growth inhibition, photoassimilates
were less needed for developmental processes and could be stored in the form of hexoses or complex
sugars, acting also as osmoprotectants. Simultaneously, mitochondrial respiration was upregulated,
providing energy needs of cadmium-exposed plants.
Keywords: cadmium • primary carbon metabolism • carbohydrate • poplar
1. Introduction
Industrial activity combined with a low conscience of the
consequences of environmental pollution during a long period
created a worldwide problem of soil, air and water contamina-
tion with various pollutants. Heavy metals are among the most
widespread soil contaminants. They may create serious health
problems (i.e., itai-itai disease). Cadmium in particular is of
great concern, as plants can take it up easily and contribute to
bioconcentration. Plants constitute the main source for cad-
mium ingestion by human beings. On the other hand, the
ability of plants to absorb and accumulate significant quantities
of heavy metals in aerial parts offers the possibility to use them
for removing pollutants from their substrate, a process called
phytoremediation.1 Trees from the genus Populus are promis-
ing for phytoremedation studies since they show good potential
for uptake of heavy metals, and have already been used in
several field studies.2-6 Poplar trees are fast growing plants,
they produce high biomass, and they may be easily propagated
vegetatively and serve as a nonfood crop, for the pulp and
paper industry as well as an renewable energy source.7
Cadmium induces several toxicity symptoms in plants, includ-
ing whole plant and cell growth inhibition, inhibition of
photosynthesis, as well by interfering with different steps in
the Calvin cycle, as by acting on photosystem II (PSII) or
plastoquinone, or by interfering with RuBisCO activation.8
Plants react to cadmium toxicity by various mechanisms; one
of the most commonly reported and specific for heavy metals
is the accumulation of glutathione and phytochelatines, in
order to sequester toxic cadmium ions in the cytosol or
vacuole.9 An accumulation of proline has also been reported;
it has been proposed that this accumulation is a consequence
of a metal-induced water deficit.10 Cadmium induces oxidative
stress, albeit indirectly; consequently, several antioxidant meta-
bolic systems, enzymatic (i.e., superoxide dismutase, catalase)
and nonenzymatic (i.e., ascorbate, glutathione), are affected
by cadmium.11 Oxidative stress and its effects are common
responses in plants facing environmental constraints, like
drought, heat and cold. All these different abiotic stresses lead
to major alterations in carbohydrate metabolism. Hence, sugar
signaling pathways play an important role in plant growth and
development during abiotic stress by regulating carbohydrate
metabolism.12 An accumulation of various sugars, among them
raffinose family oligosaccharides (RFOs) may also occur during
abiotic stresses; it has been proposed that these molecules may
play a role in osmotic adjustments or protection of cell
constituents.13 Differential proteomic analysis has been estab-
lished in the last years as an essential tool in the study of abiotic
stress response in living organisms. Numerous proteomic
studies have been carried out in plants facing abiotic stressing
conditions, like cold and ozone exposure.14,15 Studies have been
scarce in the field of heavy metal exposure; only a few recent
findings on the effects of metal ions, and cadmium in particu-
lar, on the proteome of plants have been published.16-19 In
rice plants treated with different cadmium concentrations,
changes in root proteome showed a regulation of several
transporter proteins such as Nramp1.16 In the same study, from
a physiological point of view, cadmium induced senescence
since authors observed an upregulation of proteins involved
in degradation of oxidatively modified proteins from the
ubiquitin/proteasome pathway. Similarly, in Arabidopsis
thaliana cell culture exposed to different concentrations of Cd,
carbon, nitrogen and sulfur metabolisms showed an activation
by the upregulation of several key proteins.19 Most notably,
among the upregulated proteins, several enzymes were in-
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volved in the biosynthesis of glutamate, cysteine and glycine.
These three molecules are precursors required for the forma-
tion of glutathione and phytochelatins, key components for the
cellular detoxification of cadmium.19 In Arabidopsis roots
treated with 10 µM Cd during 24 h, an accumulation of
phytochelatins could be observed.18 Proteomic changes re-
vealed by this study included an upregulation of ATP-sulfury-
lase, catalyzing the first step in sulfur assimilation by activation
of sulfate. As phytochelatin and glutathione synthesis repre-
sents an important sink for sulfur, this upregulation correlates
with the importance of the sulfur metabolism for the detoxi-
fication of Cd.18 The present work focuses on various bio-
chemical parameters in cadmium-exposed poplar plants, and
complements a precedent work focusing on proteomic changes
in poplar during a short-time exposure (14 days).17 In this
short-term exposure, changes in several metabolic pathways
could be highlighted, most noticeably a repression of important
reactive oxygen detoxifying proteins, as well as a deleterious
effect on photosynthesis and carbon fixation. A relationship
between oxidative stress and biotic stress responses was
discussed, in the light of a strong accumulation of several
pathogenesis-related proteins. In the present study, several
important changes in carbohydrate content are reported during
a longer treatment (up to 56 days). Information about pigment
contents and mineral contents is provided, and discussed.
Proteomic changes related to the primary carbohydrate me-
tabolism are also discussed.
2. Material and Methods
2.1. Plant Material, Growth Conditions and Cadmium
Treatment. Poplar clones (Populus tremula L.) were multiplied
in vitro in controlled growth chambers as previously de-
scribed.17 Rooting of in vitro plants was followed by transfer
and acclimation to hydroponic culture in a modified 1/4-
strength Hoagland’s solution, as described previously.17 When
plants reached the desired size (22-24 leaves), they were
divided in 2 sets (Figure 1). The first one acted as control, while
in the second set, the nutritive solution was enriched with
CdSO4 up to a final concentration of 20 µM. Sampling started
at day 14, and was also done on day 28 and 56. Leaves from
the same foliar stage were used for proteomic analysis (leaf
number 5 counted from the apex), as well as for carbohydrate
and pigment content analysis (leaf number 6). The next foliar
stage below (leave numbers 7 and 8 pooled together), as well
as roots and the upper tier of stems were used for cadmium
content analysis, where plants were also sampled on day 3 and
7 (see ref 17). Immediately upon cutting, leaves for further
analysis were frozen in liquid nitrogen.
2.2. Cadmium Content Analysis. After oven drying (at 105
°C), samples of leaves, stems and roots were mineralized with
a Multiwave 3000 microwave digester (Anton Paar; Graz,
Austria) as described previously.17 Samples were analyzed on
an Elan DRC-e ICP-MS (Perkin-Elmer; Waltham, MA). For
Figure 1. Experimental setup: after 12 weeks of growth, when P. tremula L. plants have 22-24 leaves, plants are treated with 20 µM
cadmium (CdSO4) for 56 days.
Figure 2. (a) Growth in centimeters since day 0 of control and cadmium-treated plants (20 µM CdSO4) at days 3, 7, 14, 28 and 56. (b)
Biomass of shoots (expressed as FW) of control and cadmium-treated plants at days 14, 28 and 56 (n) 8). (c) Biomass of roots (expressed
as FW) of control and cadmium-treated plants at days 14, 28 and 56 (n ) 8). Asterisk (*) indicates p < 0.05, double asterisk (**) indicates
p < 0.01 and triple asterisk (***) indicates p < 0.001 for Student’s t-test carried out for each sampling date between control and treated
samples.
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cadmium measurement, calibration range was 0.01-200 µg/L;
Ge and Rh served as internal standards.
2.3. Soluble Protein Extraction and Labeling. Protein ex-
traction was performed as described previously17 with slight
modifications. In brief, a whole leaf (about 300 mg of FW) was
crushed in liquid nitrogen and then mixed with extraction
buffer (20% TCA and 0.1% (w/v) DTT in ice-cold acetone) up
to 25 mL and kept overnight at -20 °C. After centrifugation
for 45 min at 35 000g and 4 °C, the pellets were washed three
times with ice-cold acetone containing 0.1% (w/v) DTT before
freeze-drying. Dried samples were resuspended in labeling
buffer and incubated for 1 h at room temperature. Prior to
quantification using the 2D Quant Kit (GE Healthcare; Little
Chalfont, U.K.), the pH of the lysate was adjusted at about 8.5.
Protein extracts were labeled prior to electrophoresis with the
CyDyes (GE Healthcare). Each protein extract and the internal
standard was labeled according to the manufacturer’s instruc-
tion and as described previously.14 Twelve gels were run
simultaneously, 4 per sampling date (14, 28 and 56 days)
containing one control and one treated sample each (with a
dye switching between repetitions), plus the internal standard.
The 4 repetitions corresponded to biological replicates. Ninety
micrograms of proteins (30 µg of each sample) was loaded on
each gel and separated by 2D electrophoresis. An additional
210 µg of proteins was added to the 90 µg of labeled proteins,
to a final amount of 300 µg on gels used for later protein
identification.
2.4. Bidimensional Electrophoresis. Bidimensional elec-
trophoresis was carried out in the same conditions as described
previously with slight modifications.14 In brief, Immobiline
DryStrips (GE Healthcare, pH 4-7, 24 cm) were rehydrated
overnight before cup-loading of proteins and isoelectric focus-
ing (IEF) on an Ettan IPGphor Manifold (GE Healthcare). After
the IEF, the IPG strips were equilibrated twice in equilibration
buffer supplemented (1) with DTT and then (2) with iodoac-
etamide. The second dimension was carried out on 12.5%
acrylamide and 0.1% N,N′-methylenebisacrylamide gels (280
× 210 × 1 mm) prepared with readymade solution Rotiphorese
Gel 40 (37.5:1) (Roth; Karlsruhe, Germany) and casted in the
Ettan DALT Twelve system gelcaster (GE Healthcare). The SDS-
PAGE step was performed in Ettan DALTtwelve separation unit
(GE Healthcare). Gels were scanned using the Typhoon Imager
9400 (GE Healthcare).
2.5. Image Capture and Analysis. Images were analyzed
using the Decyder v6.05.11 software (GE Healthcare). The gel
dedicated for spot picking was stained a second time, by
overnight immersion in Sypro Ruby (BIO-RAD; Hercules, CA).
Spots of interest were selected (absolute abundance variation
of at least 1.5-fold, p < 0.05) and a picking list was generated.
Spots of interest were excised, and digested as described
previously.14 The extracted peptides were subsequently spotted
and analyzed using an Ettan Spot Handling Workstation (GE
Healthcare) and an Applied Biosystems 4800 Proteomics
Analyzer (Applied Biosystems; Foster City, CA). Proteins were
identified by searching against the NCBI nonredundant data-
base as well as against the poplar EST database downloaded
from the NCBI database using an in-house MASCOT server
(Matrix Science, www.matrixscience.com, London, U.K.). The
poplar EST database was downloaded from NCBI EST on 09/
01/2007 and contained 376 600 sequences for 202 468 030
residues. All searches were carried out using a mass window
of 100 ppm for the precursor and 0.5 Da for the fragments.
The search parameters allowed for carboxyamidomethylation
of cysteine, oxidation of methionine as well as tryptophan to
kynurenine, double oxidation of tryptophan (N-formylkynure-
nine) and pyro-Glu. The search against the EST database
provided more positive identifications than against the NCBInr
database; finally, only the EST database search was selected
for result presentation. Homology identification was retained
with a probability set at 95%. Identifications were validated
manually with at least 2 identified peptides with a score above
homology.
2.6. Pigment Analysis. All steps were performed in the dark
at 4 °C. Pigments were extracted using an Eppendorf Thermo-
mixer at 1400 rpm and at 4 °C, in 1 mL of a 90% (v/v)
acetone-water solution for 1 h, from leaf samples (100 mg FW)
previously ground in liquid nitrogen and kept frozen at -80
°C. After centrifugation (10 000g, 10 min), the pellet was
discarded and the supernatant was filtered through a 0.22 mm
GHP membrane filter. Pigment analyses were carried out
according to Wright et al.20 using a Dionex SummitTM system
(Sunnyvale, CA) equipped with a P580 gradient pump, a GINA
50 autosampler, a UVD 340S diode array detector (DAD) and
an external BIO-RAD column heater as described previously.14
2.7. Carbohydrate and Polyol Analysis. About 150 mg of
leaves was ground in a 2 mL Eppendorf with a Retsch MM 200
automatic grinder (Retsch GmbH & Co. KG, Haan, Germany)
with two metallic beads for 4 min at 22 Hz precooled in liquid
nitrogen and extracted with 1.5 mL of an ethanol/water mixture
(80/20; v/v) during 1 h. The samples were centrifuged at
17 000g, at 4 °C, for 10 min. The supernatant was recovered
and evaporated at reduced pressure in a SpeedVac concentrator
(Heto, Thermo Electron Corporation, Waltham, MA). The
extract was finally dissolved in 1 mL of water and filtered
through a 0.45 µm Acrodisc PVDF syringe filter prior to analysis
using high-performance anion exchange chromatography
coupled with pulsed amperometric detection HPAEC-PAD
(Dionex ED 40, Dionex Corp.) as described priviously.21 The
analytical column was a Dionex CarboPac PA20 (3 mm i.d. ×
150 mm) in combination with CarboPac PA20 guard column
(3 mm i.d. × 50 mm) kept at 30 °C; analysis was carried out as
described previously.22
2.8. Statistical Analysis. Statistical analysis was carried out
with 4 biological replicates for proteomics, 5 biological repli-
cates for cadmium content analysis and biochemical measure-
ments of pigments and carbohydrates and 16 biological
Figure 3. Symptoms of cadmium-treated plants. (a) Cadmium-
treated plants showing a senescence of older foliar stages after
56 days of treatment. (b) Apex of cadmium-treated plant after
56 days, exhibiting growth and emergence of new but stunned
and senescent leaves, as well as necrotic spots on older leaves.
(c) Control plant at the end of the experiment.
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repetitions for growth measurements, for each condition on
each sampling date. For the analysis of the relative abundance
of proteins, only statistically significant results were considered
(ANOVA two-ways, p < 0.001; with control/treated and sam-
pling dates as factors). Differentially expressed proteins with
an absolute ratio of at least 1.5-fold were selected. In Table 2,
the proteins with a significant variation for the cadmium factor
are presented. The significance levels for both factors (treat-
ment, time) and the interaction between them are shown. For
morphological, biochemical measurements and cadmium con-
tent analysis, significance was calculated via a Student’s t-test,
with control/treated as factors and growth, pigment content,
carbohydrate content and cadmium content respectively as the
response.
3. Results and Discussion
The results presented here provide information on the stress
response of actively growing poplar plants during cadmium
exposure. To produce efficient phytoremediation poplar plants,
the impact of heavy metal stress exposure in this plant must
be well-known. The present study was carried out in this
respect in order to elucidate molecular mechanisms and, more
precisely, proteomic changes in poplar plants upon cadmium
stress exposure. Proteomic data, as well as morphological and
physiological information, are combined with biochemical
analysis to provide some insights into the mechanism behind
a prolonged cadmium exposure stress in hydroponically grown
poplar plants (Figure 1). This work complements a precedent
work focusing on proteomic change in poplar during a short-
time exposure (14 days).17 Growth and fresh weight biomass
of roots and shoots of treated and control plants were followed
throughout the experiment (Figure 2), and confirmed the
results from the short-term experiment, that is, an early
inhibition of growth. It is interesting to note that some
individual plants were still slightly growing after 56 days of
cadmium treatment. Those newly formed leaves, however, did
not expand and showed an early senescence. Fresh weight
biomass of shoots and roots showed a similar trend; cadmium-
treated plants have significantly lower shoot biomass through-
out the experiment. Root biomass showed a different response:
after 14 and 28 days, the root biomass was significantly lower,
while after 56 days, treated root fresh weight was again similar
to control roots. For morphological symptoms, it appears that
the most important effects could be observed on the youngest
Figure 4. Cadmium (µg/g DW) content in various tissues of treated poplar plants (roots, stems and leaves) with values of minimum and
maximum content during the treatment.
Table 1. Pigment (Chlorophyll a and b, as Well as the Ratio a/b) Contents in Poplar Leaves after 14, 28 and 56 days of Cadmium
Exposurea
Day 14 Day 28 Day 56
control cadmium control cadmium control cadmium
Chlorophyll a (µg/mg FW) 1.86 ( 0.39 1.90 ( 0.25 1.53 ( 0.10 1.99 ( 0.15 1.71 ( 0.25 2.19 ( 0.28
p ) 0.86 p ) 0.00085 p ) 0.021
Chlorophyll b (µg/mg FW) 0.45 ( 0.12 0.47 ( 0.08 0.36 ( 0.03 0.51 ( 0.03 0.43 ( 0.08 0.55 ( 0.09
p ) 0.79 p ) 4.19E-05 p ) 0.043
Ratio a/b 4.19 ( 0.39 4.07 ( 0.18 4.29 ( 0.18 3.89 ( 0.11 4.01 ( 0.18 3.99 ( 0.16
p ) 0.54 p ) 0.0041 p ) 0.88
a P-values of the Student’s t-test are indicated.
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foliar stages. These changes included pinpoint necroses, which
could develop to larger necrotic spots near the leaf veins, but
also more profound morphological changes like stunned
growth and easy “breaking” to touch, which could be explained
by a deposit of lignin or cellulose in the cell walls of tissues. A
lignification of cell walls have been described in roots and
leaves of cadmium-treated plants, probably resulting from
elevated oxidative stress and peroxide content.23,24 Older foliar
stages showed less necrotic symptoms, rather an accelerated
senescence combined with an early abscission, whereas in
control plants up to 56 days, no similar shedding could be
observed (Figure 3). Similar results, regarding appearance of
typical necrose near the main leaf veins, and effect of Cd on
growth were reported by authors testing accumulation and
tolerance at 10, 50 and 100 µM Cd in four poplar clones.25
Cadmium accumulation was followed over time in the
different organs by ICP-MS mineral content analysis. Roots
showed the highest cadmium content (about 1200-1700 µg/g
DW) increasing slightly during the treatment, as could be
expected from a plant behaving as a bioaccumulator, but not
as a hyperaccumulator.5 It seemed that plants took up very
easily the cadmium sulfate present in the hydroponic system.
Plants were also able to transport a high amount of cadmium
from roots to shoots as, already from day 3 on, high Cd
amounts were found in stems of the plants (Figure 4). As
already shown in the short-term experiment, stems showed a
rapid increase in content from day 3 to day 7 reaching about
500 µg/g DW.17 This content did not progress significantly in
the present experiment; this could indicate a certain saturation
of Cd in stem tissue. This is in contrast with leaves where the
cadmium accumulated linearly, with values ranging from 3 µg/g
DW in the beginning of the treatment up to about 400 µg/g
DW in the end (Figure 4), indicating that the unloading from
xylem to the aerial parts seemed to be the most regulated part
in the cadmium transport. The visual symptoms as well as the
morphological changes discussed above could be correlated
with the increasing amount of cadmium in the various organs.
When comparing these Cd content values to recent literature
on the use of poplar for phytoremediation in field trials, or
accumulation experiments in hydroponics, the values from the
present study are in similar ranges. During a hydroponic
screening of poplar and willow trees for metal resistance and
accumulation, some Populus nigra clones showed an ac-
cumulation of about 40 µg/g DW in leaves after 4 weeks at 4.45
µM Cd.2 At the same time, the authors showed that P. nigra
had a high tolerance index, recommending them for phyto-
stabilization purposes.2 In another study, adult tree species,
willow and poplar clones, which originated from four different
contaminated sites, were screened for their Cd and Zn ac-
cumulation. The authors showed a very promising accumula-
tion factor (AF) for Salix caprea and P. tremula with values up
to 116 µg/kg DW of Cd in leaf tissue.6 Interestingly, this study
showed that woody tissues contained less Cd (and Zn) than
the leaves. When these concentrations are compared to the
results of the current study (i.e., Cd concentrations higher in
stems than in leaves), the very high ratio of bark over wood
has to be considered, as the poplars used here were very young.
It has been shown previously that the amount of metals is
Figure 5. Image of a CyDye colored gel (Cy2 Standard, used as Mastergel) showing proteins differentially abundant from the primary
carbon metabolism. Identified proteins are labeled with their respective spot number.
research articles Kieffer et al.
404 Journal of Proteome Research • Vol. 8, No. 1, 2009 64
Figure 6. Carbohydrate content (in µmol/g FW for sucrose, glucose and fructose; in nmol/g FW for xylose, galactose, raffinose and
maltose) of leaves of cadmium-treated poplar plants: (a) sucrose content, (b) glucose content, (c) fructose content, (d) xylose
content, (e) galactose content, (f) raffinose content, (g) maltose content. Asterisk (*) indicates p < 0.05, double asterisk (**) indicates
p < 0.01, and triple asterisk (***) indicates p < 0.001 for Student’s t-test carried out for each sampling date between control and
treated samples.
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higher in bark than in wood.26 In adult trees, of course, the
amount of wood compared to bark is substantially higher. In
another study, the authors were looking at vertical distribution
of several metals in 17 different poplar clones growing on a
contaminated site.3,4 Here, wood and bark were compared
separately, and it was found that wood tissue presented the
lowest amount of cadmium, and the highest concentration was
observed in the upper part of stems (the youngest stem
tissue).3,4
Pigments were measured in leaves from the young foliar
stages, where no senescence occurred, during the cadmium
stress (Table 1). Chlorophyll a and b, as well as their ratio, were
not lower in cadmium-treated plants; one could rather observe
a slight increase in several pigments (most noticeably violax-
anthine and beta-carotene (data not shown) and chlorophyll
a and b, but not the ratio a/b) by cadmium treatment (Table
1). These few significant differences confirmed visual symp-
toms, which indicated an absence of chlorosis. Cadmium has
been shown to affect the chlorophyll content in maize plants.27
In a study on Canna indica, chlorophyll a and b content, as
well as the ratio, were strongly diminished by hydroponic Cd
exposure, but in contrast to the present study, this decrease in
content was accompanied by a strong effect on photosynthetic
activity, as well as serious leaf and root injuries.28 In a study
on rice plants, the effect of cadmium on PSII has been
described as directly on the donor side, accompanied by a
decrease in efficency of PSII, and a decrease in chlorophyll and
carotenoids.29 It seems then that a loss of efficiency is cor-
related with the decrease of chlorophyll content. In the previous
short-term study (up to day 14), no negative effect could be
observed for photochemical efficiency17 (measured with Fv/
Fm ratio). During this long-time exposure Fv/Fm ratio was also
measured on day 56, and similarly to the short-term study, no
significant difference could be observed between control and
treated plants (data not shown), and this seemed to correlate
with no effect on chlorophyll content either.
Proteomic data showed that several important primary
metabolism pathways were strongly affected by cadmium
treatment. Approximately 1200 spots could be detected on each
gel (Figure 5). Among these spots, about 1000 proteins could
be reliably matched on all the gels and included in the statistical
analysis. An ANOVA two-way analysis (Cond1, Time; Cond2,
Treatment) determined 185 proteins with an absolute variation
of at least 1.5-fold between control and treated samples (p <
0.001). Finally, 125 proteins were identified with sufficient
confidence; among them, a large part (31%; 38 proteins)
belonged to the primary carbon metabolism and are repre-
sented in Table 2 and Figure 5. In this table, 5 glutamine
synthetase isoforms and a glutamate dehydrogenase, although
not directly related to the primary carbon metabolism, are
added to these 38 proteins. The following discussion will be
based on these 44 proteins. As described above, this work was
in continuation of a previously published work focusing on
proteomic changes in a more short-term treatment.17 In that
study, it appeared that cadmium had a negative effect on the
light phase of photosynthesis via downregulated expression of
proteins of the electron transport chain, oxygen evolving
enhancer proteins. The carbon fixation and Calvin cycle
showed also numerous key proteins less abundant in cadmium
conditions, including RuBisCO activases, 60 kDa chaperonines,
Ribulose-phosphate 3-epimerase, and aldolases. The present
study, a longer-term (up to 56 days) cadmium stress, confirmed
this trend. Proteins related to RuBisCO (activases (774, 775, 807,
816) and binding proteins (400, 405)) as well as carbonic
anhydrases (1431, 1494) showed a decrease in abundance,
hinting that carbon fixation would be less efficient. Other
authors observed similar results in cadmium-treated rice leaves:
RuBisCO activases and RuBisCO small and large subunits were
less abundant, whereas stress related proteins increased.30
Carbonic anhydrases are responsible for the reversible hydra-
tion of CO2 and take part in many biologically important
functions that involve carboxylation or decarboxylation pro-
cesses, noticeably photosynthesis and respiration.31 A less
abundant chloroplastic carbonic anhydrase could decrease the
availability of CO2 for carbon fixation, enhancing photorespi-
ration. An enhanced photorespiration means that more gly-
colate must be recycled through the peroxisomes and mito-
chondria, leading inevitably to an enhanced production of
waste ammonia (NH3), which needs to be detoxified. Plastidic
glutamine synthetases (GS2) are mainly responsible for the
recycling of this surplus in ammonia, but it has been shown
that also overexpressing cytosolic GS1 initiated changes in
photorespiration (reducing free ammonia) and permitted a
better nitrogen use efficiency.32 In the present study, an
Figure 7. Polyol content (in nmol/g FW) of leaves of cadmium-treated poplar plants: (a) inositol, (b) galactinol. Asterisk (*) indicates p
< 0.05, double asterisk (**) indicates p < 0.01, and triple asterisk (***) indicates p < 0.001 for Student’s t-test carried out for each
sampling date between control and treated sample.
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important increase in several isoforms of GS1 (970, 980, 981,
985, 988) could be observed, and apart from the role in nitrogen
assimilation,33 this increase in abundance could be linked to
a detoxification of excess ammonia in the cytosol. Contrary to
the short-term study, only one protein from the light-depend-
ent reaction was found to be less abundant, a protein from
the chloroplastic ATP synthetase complex (1761). In the light
of the chloroplastic protein expression, photosynthetic capacity
of cadmium-treated plants could be affected. Pigment analysis
as well as photosynthetic efficiency analysis, on the other hand,
showed that the photosystems are still active. Because of the
inhibition of growth induced by the cadmium treatment in the
plants, photosynthetic assimilates were less needed for devel-
opmental processes. These carbohydrates could rather be
stored as more complex sugars, or (simultaneously) injected
directly into mitochondrial respiration to compensate the
higher energy needs of cadmium stressed cells. Indeed, cad-
mium, by its negative effects on the reactive oxygen species
balance, induces in the cells a need for a high reducing power.
The proteomic data in this study are in agreement with this
hypothesis. Several key step enzymes from the glycolysis as well
as from the TCA cycle showed a marked increase in abundance.
It has also to be stressed that only the last steps of the glycolysis
are affected, indicating that 3-phosphoglycerate, net product
from the photosynthesis, is used as an energy source rather
than breaking downmore complex sugars (and having to invest
ATP). Upregulated key enzymes include glyceraldehyde-3
phosphate dehydrogenase (459), phosphoglycerate mutase
(349, 358), and enolase (540, 549). Finally, the component E2
from the pyruvate dehydrogenase complex, dihydrolipoamide
acetyltransferase (528, 531), links the upregulation of the
glycolysis enzymes to the citric acid cycle. In the mitochondria,
pyruvate dehydrogenase complex converts pyruvate to acetyl
CoA, the entry product in the TCA cycle. Indeed, several key
step enzymes from the citric acid cycle are upregulated: citrate
(si)-synthase (777), aconitate hydratase (53, 66, 69), succinate
dehydrogenase (357), and malate dehydrogenase (1073, 1129).
To this list pointing to an upregulation of the respiration in
mitochondria, one may add several mitochondrial isoforms of
ATP synthetase (500, 546, 565) and several isoforms of NADP-
dependent malic enzyme (2055, 2056, 2057). This enzyme
converts malate to pyruvate by an oxidative decarboxylation
to yield CO2 and NADPH.
34 In C4 plants, it is located in
chloroplasts of bundle sheath cells to provide CO2 to RuBisCO.
In C3 plants, cytosolic and plastidic isoforms have been
described and it may have a use in several housekeeping
functions.35 It can provide pyruvate to the mitochondria for
respiration, and ATP production. The expression of this enzyme
is induced by several biotic and abiotic stresses, and a proposed
function may be to provide NADPH for the two NADPH-
dependent reductive steps necessary for monolignol biosyn-
thesis.35 Another function may be to provide precursors for
aromatic amino acids biosynthesis (Shikimate pathway) includ-
ingphenylalanine,acommonsubstrateforligninandflavonoids.34,35
Morphological symptoms also favor this hypothesis, as the
particular foliar changes described above could be related to a
lignification of tissues.
Looking at carbohydrate content in leaves of cadmium-
treated plants showed that the main hexoses glucose, fructose,
galactose and also more complex sugars like sucrose and
raffinose greatly increased their content during cadmium
treatment; amounts were more than doubled and a maximum
content reached after 56 days of cadmium treatment (Figure
6). Polyols (i.e., inositol and galactinol) showed an increased
amount in the tested tissues upon cadmium treatment (Figure
7). The results for carbohydrate and polyol analyses confirmed
the trends observed for the short-term experiment (data not
shown). Few studies have looked at carbohydrate composition
in cadmium-treated plants. A study on pea seedlings grown
on 50 µM Cd showed an important reduction in shoots and
root length, combined with reduced water content.36 This study
did not look at individual hexoses but rather at total reducing
sugars and sucrose. Sucrose showed an increasing trend in
shoots. The study did also look at several key enzymatic
activities form the carbohydrate metabolism, and the authors
argued that, under cadmium stress, hexoses were preferably
channelled to glycolysis rather than the pentose phosphate
pathway.36 Another study in rice plants subjected to Cd stress
could also observe an inhibition of growth together with a
stimulated accumulation of carbohydrates in shoot tissue; this
was combined with a decline of net photosynthetic rates.37 It
can be hypothesized that a growth inhibition, as can be
observed in our study, combined with a relative small effect
on photosynthesis and carbon fixation, would lead to an
accumulation of various carbohydrates as there was less need
to use the photoassimilates for developmental processes. This
accumulation may also have a beneficial effect: during various
abiotic stresses like cold, salt and drought, an accumulation of
carbohydrates for osmoprotection purposes and/or membrane
stability has been described.38 In A. thaliana, drought, high
salinity and cold induced an increase in endogenous galactinol
and raffinose, and the authors proposed that they may function
as osmoprotectants during drought-stress conditions.13 Raffi-
nose belongs to the raffinose family oligosaccharides (RFO) and
in the present study showed a higher accumulation during
cadmium stress. RFOs are involved in carbon storage and
transport and are also compatible solutes for protection against
abiotic constraints (drought and cold).39 RFOs are synthesized
from sucrose by sequential addition of galactose moieties
donated by galactinol, which is in turn formed from UDP-
galactose andmyo-inositol.39 All these different precursors were
highly accumulated during cadmium stress in the present
study.
Cadmium interferes with the plant water status, by affecting
guard cell regulation and inducing stomatal closure.40 Experi-
mental evidence with patch-clamp studies showed that Cd
enters guard cell through Ca2+ channels and perturbed intra-
cellular calcium levels. This did not affect the relative water
content (no water deficit could be observed) but had rather
an effect on stomatal conductance and CO2 uptake, which was
decreased, whereas photosynthesis was not affected.40 In the
present study, several elements also point to a similar effect
on CO2 assimilation, which was evidenced mainly via the
downregulation of RuBisCO-related proteins and carbonic
anhydrase. An increased photorespiration could be the result
of this decreased CO2 availability, leading finally to an ac-
cumulation of ammonia waste, explaining the high number of
more abundant glutamine synthetase proteins. At the same
time, an important upregulation of proteins from the glycolysis
and the TCA cycle took place. As cadmium induces (albeit
indirectly) oxidative stress, a high reducing power is needed
to cope with metal stress. This could be provided by an
upregulation of mitochondrial respiration. The higher abun-
dance of glyceraldehyde-3 phosphate dehydrogenase, key
enzyme in the glycolysis, indicated that (part of) the photoas-
similates from the chloroplast could be used directly for
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mitochondrial respiration. Another important protein strongly
upregulated is the NADP-dependent malic enzyme (NADP-ME).
Frommorphological symptoms, a higher lignification of leaves
could be expected; the high abundance of NADP-ME could also
provide the reducing power (NADPH) for monolignol biosyn-
thesis and it could also provide the precursors (pyruvate) for
the Shikimate pathway leading to phenylalanine synthesis.
Carbohydrate and pigment analyses confirmed these hypoth-
eses as no detrimental effect on pigments could be observed,
indicating that the light-dependent reactions were less affected
than CO2 assimilation. As a complete inhibition of growth could
be observed, it seems obvious that net photoassimilates were
less needed for developmental processes and could be stored
in the form of various hexoses and sucrose, as well as more
complex sugars like raffinose. This accumulation of carbohy-
drates could also have a beneficial effect, as compatible solutes
against abiotic stresses, or as osmoprotectants. This integrated
study using a global proteomic approach on cadmium stress-
exposed poplar plants, together with physiological measure-
ments and biochemical analyses, leads to a better understand-
ing of molecular mechanisms underlying cadmium stress
response.
Abbreviations: ATP, Adenosine 5′-triphosphate; NADPH,
Nicotinamide adenine dinucleotide phosphate; NADP-ME,
NADP-dependent malic enzyme; PSI, photosystem I; PSII,
photosystem II; RFO, raffinose family oligosaccharides; RuBis-
CO, Ribulose-1,5-bisphosphate carboxylase/oxygenase; TCA
cycle, tricarboxylic acid cycle.
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3.3.  Chapter 3 : Proteomic and enzymatic response of poplar to 
cadmium stress
3.3.1. Introduction
During the second study, protein expression seemed now finally  to plateau off, and for 
most proteins the differential expression stayed high (resp. low), which seemed to 
indicate that  the observed changes were not due to an acute toxicity response, but 
rather a permanent adjustment to the stress condition in protein expression. 
Biochemical analyses also comforted this hypothesis, because, although the growth 
was seriously  impaired, plants remained viable and indeed the observation of no 
visible chlorosis could be confirmed by an absence of pigment degradation. Tissue 
concentrations of cadmium proved to be very  high, especially in roots and stems. This 
second study could also show a negative effect of cadmium on the photosystem 
protein expression and Calvin cycle. At this point, short term as well as longer term 
response in growing leaves had been covered by our investigations; this had 
established that the observed response seemed systemic. The next logic step was then 
to look at  a different  organ, and of course it seemed reasonable to check out the 
protein expression in roots of the same plants. As the tissue cadmium concentration 
was several-fold higher in roots, a more pronounced response could be expected at 
that point. Finally, several hints in protein expression showed an increase of 
pathogenesis-related proteins, and other oxidative stress related proteins, similar in 
response to an oxidative burst during a biotic stress. This lead to a further 
investigation of several enzyme activities related as to well to oxidative stress and 
78 
also to cadmium cellular chelation mechanisms, like ascorbate peroxidase glutathione 
reductase and glutathione S-transferase.
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Plants carry out the necessary functions essential for growth
and development via specialized organs. Whereas roots are
responsible for water and nutrient absorption, leaves carry out
light harvesting and carbon fixation. These different organs are
interdependent, as the non-photosynthetic roots require the
assimilated carbon from the source leaves. This high level of
specialization results in fundamental morphological, physiolo-
gical and metabolic differences, which impact on all the; CDNB, 1-chloro-2,4-dini
tem II; ROS, reactive ox
cycle, tricarboxylic acid cy
aut).
er B.V. All rights reserved
81molecular levels.Comparisonof rootsand leaves ina systematic
manner, particularly at theprotein level has been infrequent [1].
Environmental constraints have an effect on the whole plant,
affectingall organs andalso resulting ina coordinated response.
Nonetheless most studies on molecular changes in stressed
plants focus on particular organs.
Heavy metals constitute an important worrying environ-
mental pollution primarily caused by industrial activities.
Among heavymetals, cadmium is of particular concern due to
its widespread occurrence and its high toxicity. Thismetal hastrobenzene; GR, glutathione reductase; PR, pathogenesis-related
ygen species; RuBisCO, Ribulose-1,5-bisphosphate carboxylase/
cle.
.
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activities, and also by application of contaminated sewage
sludge and phosphate fertilizer onto agricultural soils [2].
Cadmium may enter plants via the root system. Several
transporter families have been identified as playing a poten-
tial role in the uptake, among themmembers of the ZIP family
of metal transporters (ZRT1/IRT1-like proteins) [3], calcium
channels [4] or members of the Nramp family [5], which are
transporters normally responsible for the uptake of Zn2+, Fe2+,
Ca2+ or Mn2+. Cadmium ions are taken up as “opportunistic
hitchhikers” by ion transporter/channels with a low specificity
[6].
Once transported across the plasma membrane inside the
roots, heavymetal ionsmay be translocated, in some cases, to
the aerial part of the plant via the xylem. Besides, compared to
other metals (i.e. As) cadmium has high propensity to
accumulate also in other organs than the roots, like stems
and leaves. [6]. This ability of plants to translocate significant
quantities of cadmium to aerial parts, has promoted the idea
to use plants to clean up polluted soils, a process called
phytoremediation [7]. Several species from Salicaceae family
show a promising potential for uptake and translocation of
heavy metals to the aerial parts. Specifically, trees from the
genus Populus have already been used in several field studies
for phytoremediation of heavy metal contaminated soils [8–
12]. Poplar trees are fast growing plants, able to produce a high
biomass in a short growing period. They can be vegetatively
propagated and serve as a non-food crop, for the pulp and
paper industry as well as renewable energy source [13].
Once inside the plants, most transition metals will not be
present in their hydrated form in the cells but bound to
ligands. Cadmium has a high affinity for thiolates; X-ray
absorption spectroscopy studies also indicate that Cd is
coordinated with sulfur ligands [14]. Indeed, in response to a
metal stress (particularly cadmium), an accumulation of
glutathione and glutathione-derived peptides called phyto-
chelatins can be observed in many plant species [15]. These
Cys-rich compounds act as cytosolic binding partners. Phy-
tochelatins in particular, with a general structure of (γ-Glu-
Cys)n-Gly (n=2–11) are able to chelate and sequester cadmium
ions in the cytosol or vacuole [16]. The depletion of glutathione
(GSH) by chelation to cadmium, (and incorporation into
phytochelatins) is the most direct effect of cadmium on the
oxidative balance in cells, and it has been proposed that this
depletion of GSH is one of themain causes for oxidative stress
and reactive oxygen species (ROS) generation induced by
cadmium [6,16]. Glutathione, indeed together with ascorbate,
takes part in the Halliwell–Asada pathway for detoxification of
ROS [17]. Apart from oxidative stress, cadmium also induces
other toxicity symptoms in plants, among them whole plant
and cell growth inhibition. From a metabolic point of view,
cadmium has also an inhibitory effect on photosynthesis, as
well by interfering with different steps in the Calvin cycle, as
by acting on PSII or plastoquinone, or by interfering with
RuBisCO activation [18].
To study abiotic stress exposure in plants, severalmolecular
techniques have been established in the last year, trying to
tackle the responsemechanisms in a global view. Among these
techniques, differential proteomic analysis is an essential tool.
Numerous proteomic studies have been carried out in plants82facing abiotic stress conditions, like cold or ozone exposure
[19,20]. Studies on heavy metal responses have also seen the
emergence of proteomic analysis as a tool. Within the recent
findings on the effects ofmetal ions, and cadmium in particular
several proteomic studies have been published [21–24]. Among
the different organisms that were studied, one can find mostly
model organisms like rice, Arabidopsis thaliana, but also Populus
tremula, a model tree. Results of these analyses show the
importance of transporter proteins in roots, the effect on
primary metabolism, most noticeably the importance of the
sulfur assimilation and metabolism in roots, as well as
phytochelatin and glutathione synthesis [21–24].
The present work focuses on proteomic responses in roots
of cadmium exposed poplar plants, and complements pre-
cedingwork focusing on proteomic changes in leaves in poplar
upon cadmium exposure [22]. This study compares and
discusses the observed proteomic changes in the roots with
results obtained in leaves. To complement the proteomic
results, several enzymatic activity assays were also carried
out, to gain further insight in themechanism behind cadmium
stress response.2. Material and methods
2.1. Plant material, growth conditions and
cadmium treatment
Poplar clones (Populus tremula L.) were multiplied in vitro in
controlled growth chambers as previously described [22].
Rooting of in vitro plants was followed by transfer and
acclimation to hydroponic culture in a modified 1/4-strength
Hoagland's solution [22].When plants reached the desired size
(22–24 leaves) they were divided in 2 sets. The first one acted
as control while in the second set, the nutritive solution was
enriched with CdSO4 up to a final concentration of 20 µM.
Sampling started at day 3 and was also carried out on days 7
and 14 for the short-term treatment. For the longer term
treatment sampling started on day 14, and was also done on
days 28 and 56. Leaves from the same foliar stage were used
for proteomic analysis (300 mg FW) at each sampling date
(always leaf number five counted from the apex, correspond-
ing to the last foliar stage of still expanding leaves). For roots
about 500 mg FWwere used. For enzymatic activity assays, all
the other leaves from a plant were used starting with the
youngest foliar stages and finishing when reaching 3 g of FW.
Immediately upon cutting, leaves and roots were frozen in
liquid nitrogen for further analysis.
2.2. Soluble protein extraction and labelling
Protein extraction was performed as described in [22] with
slightmodifications. In brief, a whole leaf (about 300mg of FW)
was crushed in liquid nitrogen and thenmixedwith extraction
buffer (20% TCA and 0.1% w/v DTT in ice-cold acetone) up to
25 ml and kept overnight at −20 °C. The same protocol was
carried out for roots, where approximately 500 mg of FW were
crushed in liquid nitrogen. After centrifugation for 45 min at
35000 g and 4 °C, the pellets were washed three timeswith ice-
cold acetone containing 0.1% w/v DTT before freeze-drying.
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incubated for 1 h at room temperature. Prior to quantification
using the 2D Quant Kit (GE Healthcare; Little Chalfont, UK) the
pH of the lysate was adjusted at about 8.5. Protein extracts
were labelled prior to electrophoresis with the CyDyes™ (GE
Healthcare). Each protein extract and the internal standard
was labelled according to the manufacturer's instruction and
as described previously [22]. Twelve gels were run simulta-
neously, 4 per sampling date (3, 7 and 14 days resp. 14, 28 and
56 days) containing one control and one treated sample each
(with a dye switching between repetitions), plus the internal
standard. The 4 repetitions corresponded to biological repli-
cates. Ninety micrograms of proteins (30 µg of each sample)
were loaded on each gel and separated by 2D electrophoresis.
An additional 210 µg of proteins were added to the 90 µg of
labelled proteins, to a final amount of 300 µg on gels used for
later protein identification.
2.3. Bidimensional electrophoresis
Bidimensional electrophoresis was carried out in the same
conditions as described previously with slight modifications
[22]. In brief, Immobiline DryStrips (GE Healthcare, pH 4–7,
24 cm) were rehydrated overnight before cup-loading of
proteins and isoelectric focusing (IEF) on an Ettan IPGphor
Manifold (GE Healthcare). After the IEF, the IPG strips were
equilibrated twice in equilibration buffer supplemented (1)
with DTT and then (2) with iodoacetamide. The second
dimension was carried out on 12.5% acrylamide and 0.1% N,
N′-methylenebisacrylamide gels (280×210×1 mm) prepared
with readymade solution Rotiphorese Gel 40 (37.5:1) (Roth;
Karlsruhe, Germany) and casted in the Ettan DALT Twelve
system gelcaster (GE Healthcare). The SDS-PAGE step was
performed in Ettan DALT Twelve separation unit (GE Health-
care). Gels were scanned using the Typhoon Imager 9400 (GE
Healthcare).
2.4. Image capture and analysis
Images were analysed using the Decyder v6.05.11 software (GE
Healthcare). The gel dedicated for spot picking was stained a
second time, by overnight immersion in Sypro Ruby (BIO-RAD;
Hercules, CA, USA). Spots of interest were selected (absolute
abundance variation of at least 1.5-fold, p<0.05) and a picking
list was generated. Spots of interestwere excised, and digested
as described previously [22]. The extracted peptides were
subsequently spotted and analysed using an Ettan Spot
Handling Workstation (GE Healthcare) and an Applied Biosys-
tems 4800 Proteomics Analyzer (Applied Biosystems). Proteins
were identified by searching against the NCBI non-redundant
database as well as against the poplar EST database down-
loaded from the NCBI server using an in-house MASCOT
server (Matrix Science, www.matrixscience.com, London, UK).
The search against the EST database provided more positive
identifications than against the NCBInr database; finally only
the EST database search was selected for the clarity of result
presentation. All searches were carried out using a mass
window of 100 ppm for the precursor and 0.5 Da for the
fragments. The search parameters allowed for carboxyami-
domethylation of cysteine, oxidation of methionine, as well as83tryptophan to kynurenine and double oxidation of tryptophan
(N-formylkynurenine). Homology identification was retained
with a probability set at 95%. Identifications were validated
manually with at least 2 identified peptides with a score above
homology.
2.5. Enzyme extraction
The extraction was performed according to published proce-
dures [25]. For enzyme extraction about 3 g of plant material
(kept in −80 °C after sampling) were ground in a mortar with
liquid nitrogen. Three g of ground leaves (or roots) weremixed
with 30 ml (10 ml/g) of extraction buffer (0.1 M Tris HCl pH 7.8,
5 mM EDTA, 1% (w/v) PVP K90, 5 mMDTE, 1% Nonidet P40) and
stirred for 30 min on ice. Samples were further homogenized
using an Ultra Turrax (Ika Labortechnik, Germany). Samples
were transferred to centrifugation tubes and centrifuged at
20000 rpm (4 °C) during 30 min. Supernatant was filtered
through Miracloth and the volume was measured. Super-
natant was stirred again for 30 min on ice, after slow addition
of 40% (w/v) of ammonium sulphate. After a centrifugation for
30 min at 20000 rpm (4 °C), supernatant was again collected
and filtered through Miracloth. After slowly adding ammo-
nium sulphate to a final concentration of 80% (w/v), super-
natant was stirred for another 30 min on ice, before a final
centrifugation at 20000 rpm (4 °C) during 30 min. The
supernatant was discarded and the pellet was resuspended
in 2.5 ml of 25 mM Tris HCl pH 7.8. The resuspended enzyme
extract was then desalted on a Sephadex PD-10 desalting
column (GE Healthcare, Little Chalfont, England) according to
the manufactures protocol. Samples were immediately frozen
in liquid nitrogen and stored at −80 °C until analysis.
2.6. Enzyme activity tests
2.6.1. Glutathione-S-transferase (GST) assay
GSTactivitywasmeasured following themethodof Habig et al.
[26] in 96-well microplates with 3 technical replicates per
sample at 25 °C during 5 min, measured on a Spectramax 96-
well photometer (Molecular Devices, Sunnyvale, CA, USA).
Aliquots (10 µl) of sample were mixed with 190 µl of test buffer
containing 1 mM GSH (final concentration in the well) and
1 mM of substrate (i.e. 1-chloro-2,4-dinitrobenzene (CDNB),
e340 nm=9.6 mM−1 cm−1) in 0.1 M Tris HCl pH 6.4. Controls
without enzyme extracts were measured as blank. Enzyme
activity is expressed in units of kat (katal). Protein content was
determined by the standard method of Bradford [27] using
bovine serum albumin as a reference protein.
For measurements of the Kms of GST, several dilutions of
CDNB were used: 1 mM, 0.5 mM, 0.25 mM, 0.125 mM,
0.0625 mM and 0.0315 mM. The obtained rates were plotted
against the concentrations to obtain Km values using Michae-
lis–Menten kinetics.
2.6.2. Glutathione reductase (GR) assay
GR activity was quantified in vitro by the amount of NADPH
oxidized during the reduction of GSSG to GSH at 25 °C. The
measurement was done as described above in a 96-well
photometer at 340 nm for 5 min. The assays contained in a
final volume of 200 µl Tris/HCl pH 7.5 buffer, 105 µM GSSG,


























































































































































































Proteins are grouped for their metabolic function and for each protein the name, spot number on the respective Mastergel, the EST accession number (provided by the GPS software (Applied Biosystems)) and the average
ratios, positive values are given as such, while negative values are given according to the following formula: given value=−1/average ratio. (compared to control, green indicates a significant decreased abundance
(average ratio below −1.5), red an increased abundance (average ratio above 1.5) and no color means no significant changes compared to control) for days 3, 7 and 14 for short-term, resp. for days 14 28 and 56 for long-
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enzyme extracts were measured as blank.
2.6.3. Ascorbate peroxidase (APX) assay
APX activity was quantified spectrophotometrically during
in vitro assays as described in Vanacker et al [28]. In brief, the
activity was measured in 96-well microplates with 3 technical
replicates per sample at 25 °C during 5 min, measured on a
Spectramax 96-well photometer (Molecular Devices). The
reaction buffer is prepared by mixing 36 ml of 55.56 mM
KH2PO4/K2HPO4 buffer (pH 7.0) with 10 µl ascorbate (60 mM)
and 41 µl H2O2 (3%). Aliquots (20 µl) of sample weremixedwith
180 µl of the reaction buffer. APX activity was calculated using
an extinction coefficient of 2.8 mM−1 cm−1 for ascorbate at
290 nm.
2.7. Statistical analysis
Statistical analysis was carried out with 4 biological replicates
for proteomics and enzymatic activity experiments (3 biological
replicates for root activity tests) for each condition on each
sampling date. For the analysis of the relative abundance of
proteins, only statistically significant results were considered
(ANOVA two-ways, p<0.001; with control/treated and samplingFig. 1 – Representative master gels of different gel batches: root
about 1200 spots could be detected on the different gels, and ab
gels from a batch. About 180 spots satisfied the statistical cond
identified with sufficient confidence for each batch.
90dates as factors). Differentially expressed proteins with an
absolute ratio of at least 1.5-fold were selected. A hierarchical
classification as well as a principal component analysis (PCA)
have been carried out on significant protein spots via the
Decyder Extended Data Analysis (v.1.0.11.4) module. In Table 1,
the proteins with a significant variation for the cadmium factor
are presented. The significance levels for both factors (treat-
ment, time) and the interaction between themare shown in the
supplementary data. For biochemical measurements signifi-
cancewas calculated via a Student's t-Test, with control/treated
as factors enzymatic activity as the response.3. Results and discussion
The present study aims at describing proteomic changes
induced by cadmium treatment in actively growing poplar
plants. The protein changes between root and leaf tissues
were compared. The cadmium treatment has been carried out,
in a first study, during a short-term exposure, which went up
to 14 days of treatment with 20 µM CdSO4. The changes in the
leaf proteome during this first stress exposure have been
described in [22]. From this study it became apparent that
cadmium had a strong negative impact on proteins related toand leaf master gel for the long-term exposure. On average,
out 1000 spots could be matched reliably across the different
itions and were picked in each gel. About 120 proteins were
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and the light-dependent reactions from photosynthesis [22].
These results promoted the investigation of a longer-term
cadmium exposure (up to 56 days), also focusing on the
alterations in carbohydrate and pigment content in these
plants [29]. Concomitantly, it was observed an accumulation
of Cd ions in shoots, in roots, growth was almost stopped,
older leaves were senescent and biomass in shoots and roots
was decreased. Concerning proteomic changes in leaves, this
second study confirmed variations in proteins related to the
primary carbonmetabolism [29]. To summarize the additional
changes observed in leaves during the long-term treatment, it
was obvious that the impact of cadmium treatment on protein
abundance from photosynthesis and Calvin cycle was becom-
ing less pronounced with increasing exposure time. Conse-
quently, after the alarm phase and a stabilisation of the stress
response [30], plants remained photosynthetically active up to
the end of the treatment. In the same time an important
increase in abundance of proteins related to the glycolysis and
the TCA cycle indicated that cadmium-exposed plantsFig. 2 – Principal component analyses for the four different batche
the distribution of the experimental groups regarding the two prin
distribution of the differentially expressed proteins. The cumula
experimental batches: leaves (short-term): PC1 63.7%, PC2 71.8%
PC1 48.4%, PC2 64.2%; roots (long-term): PC1: 44.9% PC2 56.3%.
91increased the energy supply, by activating mitochondrial
respiration. Plants exhibited a severe growth inhibition early
after the onset of treatment, and at the same time, several
hexoses, sucrose and more complex carbohydrates as raffi-
nose, showed an important increase in content, indicating
that photoassimilates were less available for development
and growth, but rather accumulated as free soluble sugars.
This accumulation could also benefit stressed plant cells, as
these compounds can act as osmoregulants and osmoprotec-
tants [29]. The present study focused on proteomic changes in
root tissue and compared the results with the observed
changes in leaves, during the short-term and the more
prolonged treatment. Four different batches of gel have been
carried out: one batch for roots and leaves (Fig. 1), each for
short-term as well as long-term treatment. Each batch was
composed of 12 gels, with 4 biological replicates for each
condition/sample point. The different sample points included
days 3, 7 and 14 for short-term and days 14, 28 and 56 for long-
term exposure. An ANOVA two-way analysis (Cond1: Time;
Cond2: Treatment) has been carried out on the different gels: leaves vs. roots; short-term vs. long-term. The panels show
cipal components (PC1 and PC2), the smaller inset shows the
tive variation explained by PC1 and PC2 for the different
; leaves (long-term): PC1: 66.6%, PC2 80%; roots (short-term):
390 J O U R N A L O F P R O T E O M I C S 7 2 ( 2 0 0 9 ) 3 7 9 – 3 9 6batches. A summarizing table on number of detected proteins,
matched proteins, percentage of identified proteins on one
hand aswell as information on identified proteins (MALDI TOF
TOF) can be found in the supplementary data. For differen-
tially expressed protein spots (cond2: treatment p<0.01 and
with an absolute variation of at least 1.5 fold between control
and treated samples) a principal component analysis has been
carried out (Fig. 2). Results showed that for all the analyses, the
first axis explained most of the variation (between 45 and 67%
of overall variation). This first axis may be explained by the
cadmium exposure during the time of treatment, as the longer
the treatment themore control and cadmium-treated samples
were separated by the first axis. It is interesting to note that,
after 3 days of cadmium treatment, control and cadmium gels
of leaf extracts could not be separated [22], whereas root
extracts showed already a clear separation after 3 days of
cadmium exposure (Fig. 2). Concerning the prolonged cad-
mium treatment, leaf extracts from day 28 of cadmium
treatment could not be separated from 56 days of treatment,
while in roots, a clear separation could be observed.
A hierarchical classification of differentially expressed
leaf proteins from the prolonged cadmium exposure, con-
firmed that days 28 and 56 of cadmium treated samples were
grouped together and were separated from day 14 of treat-
ment (Fig. 3). Proteins were separated in two large groups:
higher and lower abundance (as compared to control
conditions). A clustering of the same protein set provided
further clues: the clustering distinguished 2 different groups,
on one hand higher abundant, and on the other lower
abundant proteins (Fig. 4). These two groups showed that
between days 14 and 28 a clear up (resp. down-) regulation in
abundance occurred, whereas between days 28 and 56 the
overall variation in abundance was less marked, a kind of
plateau seemed to be reached, possibly indicating a stabili-
sation of the stress response.
The differentially expressed proteins belonged to various
metabolic functions, but it is striking that the major part
belonged to the primary carbon metabolism, as discussed
already in the earlier studies focusing on proteomic changes in
leaves [22,29]. Nonetheless several fundamental differences
appearedwhen comparing differentially expressed proteins in
roots and leaves. The following discussion will focus on mostFig. 3 – Hierarchical classification of differentially expres
92prominent differences between leaves and roots and will
include the proteins presented in Table 1. All additional
differentially expressed proteins, as well as detailed informa-
tion on MS/MS identification can be found in the supplemen-
tary data.
3.1. Proteolysis
Concerning proteolysis-related proteins in leaves, an increase
in abundance could be observed for several types of pepti-
dases and proteasome-related proteins throughout the
experiment.
In roots, on the other hand, only a cysteine proteinase
showed the same regulation pattern, but here rather a general
decrease in abundance of proteases could be observed. An
increase in proteases has been observed in conjunction with a
hypersensitive response, but also in case of senescence
processes [31].
3.2. Pathogenesis-related proteins
In leaves an important accumulation of pathogenesis-related
(PR) proteins could be observed; over the course of the
experiment, up to 9 different protein spots related to PR-
proteins showed a very important increase in abundance.
Average ratios of up to 44 have been observed.
In root gels, only 6 PR-proteins were differentially
expressed, and these showed rather a down-regulation.
In concordance with the increased abundance of proteo-
lysis-proteins in leaves, this kind of response appeared to be
very similar to a hypersensitive-type response observed in
leaves after a pathogen attack [31]. This response (up-
regulation of PR-proteins, proteinases) seemed to be rather
restricted to the aerial parts.
3.3. Protein folding
In the leaves, after an initial decreaseof chloroplasticheat shock
proteins (and peptidylprolyl cis-trans isomerases), which per-
sisted throughout the treatment (day 3–14), several chaperone
proteins also showed an increase in abundance; these weremi-
tochondrial heat shock proteins (HSP70) and several proteinsed proteins from the long-term exposure in leaves.
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abundance in response to various abiotic stresses, they can
prevent aggregation and they assist in refolding of non-native
proteins under both normal and stress conditions [32]. Various
studies have shown an increase in HSP expression upon heavy
metal treatment [33]. If taken as a stress-marker, this would
confirm the observedmorphological changes in the aerial parts,
as up to day 14, toxicity symptoms were still not very apparent,
only 20%of theplants showednecrotic spots [22] and thesewere
restricted to the youngest leaves.
In roots, heat shock proteins showed an increased abun-
dance already at the beginning of the treatment. Later on in
the treatment (day 14–56), several different isoforms of HSP70
and also a protein disulfide isomerase showed a similar
increase in abundance.
3.4. Oxidative stress defence proteins
Cadmium toxicity is partly due to oxidative stress damages,
produced by an increased amount of reactive oxygen species
(ROS) [16]. ROS are produced constantly and their production is
unavoidable in living cells having an aerobic metabolism.
They are a by-product of electron transport and redox
reactions from normal metabolic reactions [34]. The most
important sources are photosynthesis and respiration; their
production is enhanced under conditions of abiotic stress
(drought, salt, temperature, high light) [35]. Cadmium induces
the production of ROS, albeit indirectly as the redox potential
of Cd is too low to directly participate in Fenton-like redox
reactions, by interfering with antioxidant enzymes and
depletion of antioxidant molecules [6,16].
In leaves, several antioxidant-detoxifying proteins showed
an increased abundance in the beginning of the treatment,
among them several peroxidases and aldehyde dehydro-
genases, as well as several quinone reductases. On the other
hand several Cu/Zn superoxide dismutases (SOD) and a
peroxiredoxin showed a decrease in abundance. This indi-
cated that, although cadmium may have a negative effect on
important ROS-detoxifying enzymes, i.e. Cu/Zn SODs, prob-
ably by competing with Zn at the cofactor site, the plants still
managed to restrict oxidative stress by upregulating different
stress-coping proteins. Among them were several isoforms of
peroxidases, their main function being the removal of hydro-
gen peroxide from chloroplasts and cytosol [36]. Later on in the
treatment, the Cd content in leaves reached high levels [29]
andmore severe symptoms occurred, at this point also several
proteins responsible for detoxifying ROS-induced damages to
cell compounds (quinone reductases, aldehyde dehydro-
genases, glyoxalases) showed an increase in abundance.
Quinone reductases may protect cells against oxidative stress
by carrying out two-electron reductions of quinone and,
reduce in this way the formation of toxic semiquinones [37].
One important consequence of oxidative stress is lipid
peroxidation, producing toxic intermediate-chain-length
aldehydes. Toxic aldehydes can be eliminated to their
respective carboxylic acids through the activity of aldehyde
dehydrogenases [38]. Glyoxalases I and II can convert a variety
of toxic 2-oxoaldehydes into less reactive 2-hydroxyacids,
using glutathione as a cofactor, and they showed an up-
regulation during various stress responses [39].94In roots, again the impact of cadmiumwas clearly different
to leaves; this could be related to the fact that roots are
composed of non-photosynthetic tissues. Consequently the
impact of cadmium may be less important on the ROS
production. In roots most oxidative stress response proteins
showed a decreased abundance, several isoforms of mono-
dehydroascorbate reductase already in the beginning of the
treatment (up to day 14). These changes were conserved
during the longer-term stress, but also several peroxidases, a
peroxiredoxin and several aldehyde dehydrogenases showed
a decreased abundance. Only a Fe-superoxide dismutase
showed an increase in abundance after 28 days of treatment.
3.5. Primary carbon metabolism
Concerning primary carbon metabolism, changes in leaves
were discussed previously [22,29]. In roots, all proteins related
to the primary carbon metabolism were strongly affected, as
well from the glycolysis and also the TCA cycle, again
confirming a severe metabolic impact on the root system, as
mitochondrial energy production could be negatively influ-
enced by cadmium treatment, this hypothesis is reinforced by
the decreased abundance of several mitochondrial ATPases.
3.6. Nitrogen and sulfur metabolism
Nitrogen metabolism is affected by cadmium treatment, as it
has been shown by earlier studies on tomato plants [40]. A
significant decrease in enzyme activity of nitrate reductase,
nitrite reductase, glutamine synthetase and ferredoxin-gluta-
mate synthase was observed together with a net decline in
nitrate content [40]. In the present study the expression
pattern was again fundamentally different between leaves
and roots. In roots already after 7 days several cytosolic
glutamine synthase (GS) proteins showed an important
decrease in abundance, which was persistent throughout the
whole experiment. Together with a down-regulation in
abundance of several isoforms of ferredoxin-NADP reductase,
which are providing the necessary reduced ferredoxin for the
ferredoxin-dependent glutamate synthase reaction, evidence
pointed to a decreased nitrogen assimilation in roots.
In leaves, on the other hand, cytosolic GS showed an
increase in abundancewithhigh average ratios (maximumof 7
for day 28). Together with an increase in glutamate dehydro-
genase, this indicated that a recycling of ammonia and
remobilization of leaf nitrogen took place, possibly trying to
compensate the reducednitrogen assimilation in roots. During
senescence it has been shown that the cytosolic isoform of GS
had an increased activity, and it has been proposed that this
may serve the remobilization of nitrogen resources [41,42].
In roots, several O-acetyl-serine (thiol)lyases showed a
decrease in abundance indicating that not only nitrogen
metabolism, but also sulfur metabolism may be affected by
cadmium treatment, as this protein incorporates sulfide into
O-acetylserine thus forming cysteine in the final step in
sulfate assimilation [43]. Glutamate and cysteine are consti-
tuents of glutathione, an important molecule of oxidative
stress tolerance, as glutathione acts togetherwith ascorbate in
detoxification of ROS, during a redox reaction using NADPH as
reducing power [6].
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3.7.1. Glutathione-S-transferase
Glutathione-S-transferasesbelong to a large anddiverse protein
family [44]. They represent soluble proteins with typical
molecular masses of around 50 kDa. Classically they catalyse
the transfer of GSH to a wide variety of hydrophobic, electro-
philic and usually cytotoxic co-substrates, in order to detoxify
them [45]. In the present study, several isoforms of glutathione-
S-transferase showed a differential expression in leaves, but for
the short-term study two isoformswere accumulatedwhile two
other isoformswere less abundant, effectively not changing the
overall abundance of GSTs. In the longer-term study only one
isoform was showing a decreased abundance. In roots on the
other hands, as early as day 3, several isoforms of GST showed
an important increase in abundance. This increase was
exacerbated throughout the experiment with a maximum of
up-regulation at day 28 (Fig. 5).
As the glutathione metabolismmay play an important role
in cadmium toxicity responses, enzymatic activity for glu-
tathione-S-transferases was tested in leaves and roots.
Different substrates were tested for GST activity, and only
CDNB (1-chloro-2,4-dinitrobenzene), which is the most com-
monly used substrate for GST activity detection and usually
generates the highest conjugation rates in most plant species,Fig. 5 – Glutathione S-transferase activity assay results and prote
Software, (GE Healthcare); a) GST activity in leaves(n=4); b) GST ac
d) GST abundance of 9 isoforms in roots. * indicates p<0.05 and
sampling date between control and treated.
95showed a detectable conjugation. In leaves the CDNB sub-
strate activity was similar during the whole treatment for
treated and non-treated plants, in accordance with the overall
protein abundance of GST in leaves. No significant difference
could be detected for CDNB activity (as well as for the Km's for
CDNB, data not shown) (Fig. 5). In roots, GST activity, in stark
contrast to leaves, showed an important increase, already
from day 3 on and reaching amaximumon day 28 (Fig. 5). This
data was also perfectly consistent with the proteomic data,
where overall abundance of GST showed an important
increase (5 isoforms were affected by cadmium treatment),
from day 3 on with a maximum around day 28. This increase
of GST activity in roots may be linked with the decrease in
abundance of several important ROS-detoxifying proteins, as
one of the main roles of GST is to conjugate GSH to
degradation products arising from oxidative stress, induced
by cadmium.
3.7.2. Glutathione reductase and ascorbate peroxidase
To provide further insights into the oxidative stress re-
sponse, activity assays for two important enzymes from the
glutathione-ascorbate cycle, glutathione reductase (GR) (Fig. 6)
and ascorbate peroxidase (APX), were carried out (Fig. 7). In
leaves a significantly lower GR activity could be observed at
day 3 and day 14. The results also suggested that from day 28in abundance expressed as average ratios from the Decyder
tivity in roots (n=3); c) GST abundance of 5 isoforms in leaves;
***indicates p<0.001 for Student's t-Test carried out for each
Fig. 6 – Glutathione reductase activity in: a) leaves (n=4) (days 3, 7 14, 28 and 56) and b) roots (n=3) (days 3, 14, 28 and 56) of
cadmium treated and control plants.* indicates p<0.05 for Student's t-Test carried out for each sampling date between control
and treated.
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day 56 the activity seemed to decline. This coincides with an
inhibition of ascorbate peroxidase activity at day 56, indicating
a negative impact of cadmium on the Halliwell–Asada ROS
detoxification cycle. This could lead to a depletion of GSH
levels during cadmium stress, as on one hand, free cadmium
in the cytosol could be directly chelated by GSH. Additionally,
a negative impact on the activity of GR would also promote an
imbalance in the GSH/GSSG balance, as oxidised glutathione
(GSSG) would be less efficiently reduced. Ascorbate peroxidase
activity (Fig. 7) increased slightly on days 7 and 14 of cadmium
treatment in leaves, but from day 28 on activity was rapidly
declining and reached a low on day 56. In a study of excess
light conditions in Arabidopsis thaliana, in response to the
excess light, APX1 and APX2 mRNA levels increased rapidly,
and subsequently, during stress recovery, cytosolic GR also
increased [46]. The addition of exogenous reduced GSH to
leaves could abolish that signal. This promoted the author toFig. 7 – Ascorbate peroxidase activity in: a) leaves (n=4) (days 3,
cadmium treated and control plants. * indicates p<0.05 and ***in
sampling date between control and treated.
96propose that the status of the redox pools, specifically the
levels of reduced glutathione, can have a regulatory impact on
signalling pathways [46]. This initial increase in activity of APX
activity could then be ascribed to a decrease of the GSH
content, in response to a reduced GR activity. GR reached
again control values at day 28, and APX activity was then also
again similar to control levels. At the end of the treatment
both GR and APX activity were reduced, which may well be
explained by the linear increase in cadmium content in leaf
tissue during the experiment [22]. Some authors also linked a
depletion of reduced glutathione during plant–pathogen
reaction and the subsequent up-regulation of several typical
stress-related proteins, specifically PR-proteins, glutathione
peroxidases and glutathione S-transferases [17,47]. Several
studies observed a decrease in GR (and APX) activity in
response to cadmium stress [48–50]. In rice plants, superoxide
dismutase, ascorbate peroxidase and glutathione reductase
showed a reduced activity in response to cadmium treatment7 14, 28 and 56) and b) roots (n=3) (days 3, 14, 28 and 56) of
dicates p<0.001 for Student's t-Test carried out for each
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cadmium treatment (10 µM), slightly enhanced APX activity
but GR, monodehydroascorbate reductase and dehydroascor-
bate reductase were inhibited [50]. Finally, during a study on
partially purified enzyme extracts from Calystegia sepium, a
direct inhibitory effect on GR activity in vitro could be observed.
This effect is generally masked by the EDTA added during the
assay, but the authors speculate that in vivo a strong inhibitory
effect could be expected [48].4. Conclusions
After 56 days of cadmium treatment poplar plants showed
relatively important symptoms like growth inhibition,
stunned leaves and presence of necrotic spots. However
plants remained photosynthetically active. This study also
showed that some enzymes from the glutathione metabolism
were affected (GR and APX) by cadmium treatment. Typical
stress-related proteins showed at this point also an increase in
abundance, like HSP, proteinases and PR-related proteins. In
leaves, a response similar to the hypersensitive response upon
plant–pathogen interaction seemed to be induced, and it can
be hypothesized that the effects on the glutathione metabo-
lism may play a role in signal transmission. It appeared that
the metabolic impact of cadmiumwas different in roots when
compared to leaf tissues. This could be seen by the early
accumulation of many typical stress-related proteins like
HSPs, or glutathione-S-transferases, while most proteins from
the primary metabolism (glycolysis, TCA cycle, nitrogen
metabolism, sulfur metabolism) were severely decreased in
abundance.
The observed proteomic changes are quite different be-
tween leaves and roots of poplars exposed to Cd and can be
related to the studied tissue— but also to the different kinetics
of the stress-exposure. Roots are the first tissues to be exposed
to the heavy metal ions and consequently, proteomic changes
can be observed earlier than in leaves. Stress exposure in roots
occurs immediately upon the beginning of the treatment (it
has been previously shown that the cadmium content in roots
was very high, and barely varied over the time [29]). In leaves
cadmium content was linearly growing throughout the treat-
ment, and stress exposure was also happening gradually [29].
An important stress impact could only be observed sometime
after the initiation of treatment.
On the other hand, the difference may also arise from the
fact that roots are non-photosynthetical tissues. In leaves,
cadmiumaffects CO2 uptake by closing stomata, by interfering
with the guard cell regulation via Ca2+ channels [4], and it also
has a direct impact on electron transport in chloroplasts by
damaging photosystems I and II [16]. This would greatly
increase the ROS production in chloroplasts, even if the overall
cadmium content in leaves is lower than in roots.
In conclusion, this study highlights the interest of compar-
ing proteomic changes in different tissues upon an abiotic
stress exposure (here a cadmium treatment), and several
important proteomic changes could be observed. This study
also shows the importance of validating observed protein
changes. Changes can be related to a increase or decrease in
abundance, but they can also result from posttranslational97modifications (PTM) in different isoforms, or be related to
degradation processes. In the end validation studies like
enzymatic activity assays can provide amore detailed answer.
This has been highlighted in this study by the enzymatic
activity assays, particularly of GST in leaves, where several
changes in abundance in related isoforms, but not in overall
abundance induced in the end no difference in GST activity.
Additionally the impact of cadmium on the glutathione
metabolism could be assessed by activity assays of several
important enzymes such as glutathione-S-transferase, glu-
tathione reductase or ascorbate peroxidase.Acknowledgements
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3.4. Chapter 4: Proteomic changes of a combined cadmium and low-
temperature exposure in poplar leaves
3.4.1. Introduction
It was quite a surprising result that after the longer term exposure, plants remained 
viable, although the toxicity  symptoms were pronounced. It was hypothesised that this 
result could be due to the controlled growing conditions in incubators; indeed the only 
stressor was cadmium in the hydroponics solution. The hypothesis was that when 
faced with a more realistic situation like encountered in situ, were multiple stressors 
act together and simultaneously, the metabolism of plants would be weakened too 
much by the cadmium exposure. At that point, plants will not be able to cope with 
additional recurring stresses, like heat, drought, cold, or other environmentally linked 
stresses; plants will then not survive. Another experiment was then planned and 
conducted which allowed testing this hypothesis. The idea was to expose plants to 
multiple stressors, which are separately well characterised and compare this combined 
treatment with single treatments as well as control conditions.For this combined stress 
exposure a chilling stress was chosen as the additional stress element. This stress was 
selected because it had been well characterised in the lab using the same incubators 
that were also employed in this work. Chilling stress experiments were conducted 
using poplars growing in soil, rather than hydroponics, but this was the only 
additional difference and this allowed quickly adapting the two protocols and 
implementing it  in a single experiment. Similar to the experiments beforehand, 
several biochemicals, morphological and physiological parameters were measured, 
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mainly to be able to cross-reference the different set of experiments and to draw a 
final conclusion after extracting the results. Still in the heart of this final experimental 
setup was a proteomic analysis, which should give additional information for 
validating the hypothesis.
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3.4.2. Paper ready for publication (Physiologia Plantarum)
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During their life span, plants have to face various environmental constraints of a natural origin, like 
cold, heat, drought or nutritional limitations. In addition to those, plants may also have to endure 
various natural and/or anthropogenic soil or air pollutants such as ozone, fine dust or an excess of 
toxic heavy metals. Moreover, in general these various stresses are not experienced one at a time, but 
rather in combination of several constraints. For instance during summer intense heat will often be 
accompanied with a drought stress, as the available water content in soils may be limiting due to dry 
spells. Barren metal-contaminated soil, typical for industrial sites, mining areas or smelter locations is 
often very coarse with little water retention adding drought conditions to the toxic metals in the soil. It 
can then be expected that plants may use similar responses to these different environmental 
constraints, although the specific stress situations (for instance excess intracellular amounts of metal 
ions) must also be faced by more specific responses. This concept has been developed previously and 
described as the general adaptation syndrome, where different constraints would provoke similar or 
even identical stress coping mechanisms (Selye 1951, Sanita di Toppi and Gabbrielli 1999). Several 
studies reviewed in Mittler, 2006 showed that plants have an unique stress response to a combination 
of different stressors that cannot be simply extrapolated from single stressor studies. It seems, when 
stressing plants with a combination of stressors, that the enfollowing complex stress response involves 
multiple pathways and cross-talk between different sensors and signal transduction pathways. (Mittler 
2006). 
Organic and inorganic soil pollutants of anthropogenic origin are widely distributed, and can cause 
serious human health problems, as they are readily taken up by numerous plant species destined for 
human nutrition (Satarug et al. 2003). Industrialization has created the need for mining of a large 
amount of various metals. Such mining sites, but also metal processing sites are polluted by the 
industrial activity with a large array of heavy metals. Among heavy metals, presence of cadmium in 
remains of industrial activity is very persistent and represents an important worldwide pollution 
concern, this mainly due to its high toxicity. Cadmium has a high global emission, stemming from 
industrial activities but also the application of contaminated sludge and phosphate fertilizers on 
agricultural soils (Satarug et al. 2003). Once inside the plants, cadmium induces toxicity symptoms in 
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the whole plant including growth inhibition in roots and shoots, chlorosis and necrosis (Marschner 
1995). Cadmium (Cd) causes toxicity and damages cell metabolism in several ways. The first cause of 
Cd toxicity is the high affinity of the metal for thiolates, an affinity that triggers inactivation of 
enzymes as Cd binds to cysteine sulfhydryl-groups thereby interfering with important metabolic 
pathways (Prasad 1995, Mendoza-Cozatl et al. 2005). One of the most prominent metabolic impacts 
of Cd-exposure is on photosynthesis. This impact can be observed, as well on the light phase, by 
damaging the photosynthetic apparatus, specifically light harvesting complexes and photosystems I 
and II, as on the dark phase, by inhibiting several of its important enzymes (Sanita di Toppi and 
Gabbrielli 1999, Siedlecka and Krupa 1999). Another well-described toxicity symptom is that Cd-
exposure results in the generation of oxidative stress once the metal is inside the cells. Unlike other 
metals such as Cu and Fe, cadmium can not directly produce reactive oxygen species such as 
hydrogen peroxide (H2O2), superoxide anion (O•2-) and hydroxyl radical (•OH) (Romero-Puertas et al. 
2002, 2004). Instead it has an inhibitory effect on essential enzymes involved in the maintenance of 
the cellular redox homeostasis, like superoxide dismutase, ascorbate peroxidase, glutathione reductase 
or dehydroascorbate reductase. Furthermore the depletion of glutathione by chelation to cadmium, 
(and incorporation into phytochelatins) is another indirect effect of cadmium on the oxidative balance 
in cells. It has been proposed that this depletion of GSH-pools together with the inhibitory action on 
antioxidative enzymes is the main cause for the oxidative stress and ROS generation induced by 
cadmium (Schutzendubel et al. 2001, Clemens 2006, Garnier et al. 2006). 
One way to study stress responses in plants is differential proteomic analysis, which has been widely 
used to study the effects of environmental stresses like cold (Renaut et al. 2004, Amme et al. 2006), 
mineral deficiency (Kang et al. 2004) or excess (Kieffer et al. 2009b, Durand et al. 2011), high light 
(Phee et al. 2004), salinity (Kav et al. 2004), and ozone (Bohler et al. 2007, 2010). These studies 
highlighted the negative impact of environmental constraints on various metabolic pathways and 
could illustrate the upregulation of typical stress-related proteins, like pathogenesis-related protein 
(PR proteins), dehydrins, heat shock proteins or late embryogenic abundant proteins (Amme et al. 
2006, Bassett et al. 2006, Renaut et al. 2006, Bohler et al. 2010,	   Durand et al. 2011). Several 
proteome-level studies on the effects of cadmium in various plants have also been published. Results 
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of these analyses show the importance of transporter proteins and of the sulfur assimilation and 
metabolism in roots, as well as the negative effect on primary metabolism and finally changes in 
phytochelatin and glutathione synthesis (Repetto et al. 2003, Roth et al. 2006, Sarry et al. 2006, Aina 
et al. 2007, Kieffer et al. 2008, Semane et al. 2010, Visioli et al. 2010, Durand et al. 2010). Rice and 
pea plants are among the different organisms that were studied but also the model plants Arabidopsis 
thaliana and Populus. Poplar, and more specifically Populus trichocarpa (Torr. & Gray) can be 
considered as the model tree for biological and molecular studies and its genome has been sequenced 
using a whole-genome shotgun sequence and assembly strategy. In 2006 a draft genome was 
published and it is currently still being annotated and refined (Tuskan et al. 2006, Yang et al. 2009). 
Trees from the genus Populus show economically important traits related to growth rate, wood 
properties and paper quality which make it a potential renewable energy resource (Sannigrahi et al. 
2010).  
Several studies on poplar plants exposure to abiotic stress conditions have been carried out. 
Specifically proteomics effects of a low non-freezing temperature have been assessed (Renaut et al. 
2004, 2005, 2006). This kind of temperature treatment induces a specific response in poplar, the 
survival is not affected but growth is almost completely arrested and the freezing tolerance is being 
increased significantly compared to control plants. Cold acclimation, the process of increased freezing 
tolerance after exposure to low non-lethal temperatures (Renaut et al. 2006), involves metabolic 
changes in plant tissues, a differential regulation of genes and proteins and distinctive metabolic 
products could be evidenced (Cook et al. 2004, Kaplan et al. 2004, Renaut et al. 2006). Similar 
responses have been observed in plants exposed to different abiotic stresses such as high-temperature, 
heavy metals, drought or salinity stresses (Salekdeh et al. 2002, Kaplan et al. 2004, Kav et al. 2004, 
Ahsan et al. 2009); but studies on plants exposed to a combination of stresses are few.  
The present study focuses on proteomic changes in poplar plants exposed to cadmium and/or to a low 
temperature. Both environmental constraints have been characterized profoundly in a single fashion 
beforehand, using a similar experimental setup (Renaut et al. 2004, 2005, 2006, Kieffer et al. 2008, 
2009a, 2009b). The innovative aspect of the present study is to combine both factors, thereby 
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allowing to separate cadmium-specific responses from more general stress-related responses and the 
discussion will focus on the main differences highlighted by the combined stress exposure.  
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1 Material and methods 
1.1 Plant material, growth conditions and cadmium treatment 
Poplar clones (Populus tremula L.) were multiplied in vitro in controlled growth chambers as 
described in (Kieffer et al. 2008). Rooting of in vitro plants was followed by transfer and acclimation 
to hydroponic culture in a modified ¼ -strength Hoagland’s solution with a 16 h photoperiod and a 
light intensity of 150 µmol m2 s-1 (Sylvania Grolux Fluorescent lamps), as previously described 
(Kieffer et al. 2008). Plants having 22-24 leaves were divided in 2 sets; the first one as control while 
the nutritive solution of plants in the second set was supplemented with CdSO4 up to a final Cd 
concentration of 20 µM. Cadmium treatment was carried out during 56 days. At day 28 the two sets 
(control and cadmium treated) were again divided and half of the plants were exposed to an additional 
cold spell (chilling (4°C) compared to control (23°/18° C day/night temperature). Sampling was 
carried out on day 56. Immediately upon cutting leaves from the same foliar stage (leaf number five 
counted from the apex), the samples were stored in liquid nitrogen prior to starting a proteome 
analysis.  
1.2 Growth measurements and visual symptoms 
Growth of the plants during the experiment was monitored as described previously (Kieffer et al. 
2008). Visual symptoms (i.e. appearances of chlorotic or necrotic spots, leaf abscission) were also 
recorded during the course of the experiment. 
1.3 Chlorophyll fluorescence 
Chlorophyll fluorescence was measured on intact leaves (4th fully expanded leaf) after 30 min of dark 
adaptation, with a portable fluorometer Handy PEA (Hansatech; King’s Lynn, UK). The fluorescence 
transients were measured within 5 s. F0 is the initial fluorescence emission by antenna Chl a 
molecules. Fm is the maximum total fluorescence value during these 5s. Fv = Fm-F0 and is the variable 
fluorescence. Finally the Fv/Fm ratio was calculated. The Fv/Fm ratio represents the maximum 
quantum yield of the primary photochemical reaction of PSII, and it has been shown that 
environmental stresses that affect PSII, lead to a characteristic decrease in this ratio	   (Kocheva et al. 
2004). 
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1.4 Soluble protein extraction and labelling 
Protein extraction was performed as previously described (Kieffer et al. 2008) with slight 
modifications. In brief, a whole leaf (about 300 mg of FW) was crushed in liquid nitrogen and mixed 
with 20% TCA and 0.1% w/v DTT in ice-cold acetone up to 25 mL and kept overnight at –20°C. 
After centrifugation for 45 min at 35000 g (4°C), the pellets were washed three times with ice-cold 
acetone/0.1% w/v DTT before vacuum-drying the washed pellets. Dried samples were resuspended in 
labelling buffer ((7 M urea, 2 M thiourea, 4% w/v CHAPS, 30 mM Tris) and incubated for 1 h at 
room temperature. Prior to quantification using the 2D Quant Kit (GE Healthcare; Little Chalfont, 
UK) the pH of the lysate was adjusted at about 8.5. Protein extracts were labelled prior to 
electrophoresis with the CyDyes™ (GE Healthcare). Each sample and the internal standard, a mixture 
of equal quantities of all the samples, was labelled according to the manufacturer’s instruction. 
Twelve gels were run simultaneously, 4 per treatment corresponding to biological replicates, and a 
dye swap was used to avoid the effects preferential labelling may have on the analyses. An additional 
210 µg of proteins were added to the 90 µg of labelled proteins, to a final amount of 300 µg on gels 
used for later protein identification. 
1.5 Bidimensional electrophoresis.  
Bidimensional electrophoresis was carried out in the same conditions as previously described [21]. 
Immobiline DryStrips (GE Healthcare, pH 4-7, 24 cm) were rehydrated overnight before cup-loading 
of proteins and isoelectric focusing (IEF) on an Ettan IPGphor Manifold (GE Healthcare). After the 
IEF, the IPG strips were equilibrated twice in equilibration buffer (6 M Urea, 30% Glycerol, 75mM 
Tris-HCl (pH 8.8), 2% SDS) supplemented (1) with DTT (1% w/v) and then (2) with iodoacetamide 
(2,5% w/v). The second dimension was carried out on 12.5% acrylamide and 0.1% N,N’-
methylenebisacrylamide gels (280 x 210 x 1 mm) prepared with readymade solution Rotiphorese Gel 
40 (37.5:1) (Roth; Karlsruhe, Germany) and casted in the Ettan DALT Twelve system gelcaster (GE 
Healthcare). The SDS-PAGE step was performed in Ettan DALT Twelve separation unit (GE 
Healthcare). Gels were scanned using the Typhoon Imager 9400 (GE Healthcare). 
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1.6 Image capture and analysis. 
Images were analysed using the Decyder v6.05.11 software (GE Healthcare). The gel dedicated for 
spot picking was stained a second time, by overnight immersion in Sypro Ruby (BIO-RAD; Hercules, 
CA, USA). Spots of interest were selected (absolute abundance variation of at least 1.5-fold, 2 ways-
ANOVA p<0.01) and a picking list was generated. Spots of interest were excised, digested, and the 
extracted peptides spotted on a MALDI target plate using an Ettan Spot Handling Workstation (GE 
Healthcare). MS and MS/MS spectra were acquired using an Applied Biosystems 4800 Proteomics 
Analyzer (Applied Biosystems). Proteins were identified by searching against the poplar EST 
database downloaded from the NCBI database using an in-house MASCOT server (Matrix Science, 
www.matrixscience.com, London, UK). All searches were carried out using a mass window of 100 
ppm for the precursor and 0.5 Da for the fragments. The search parameters allowed for 
carboxyamidomethylation of cysteine, oxidation of methionine, as well as tryptophan to kynurenine 
and double oxidation of tryptophan (N-formylkynurenine). Homology identification was retained with 
a probability set at 95%. Identifications were validated manually and accepted only with at least 2 






In the following section will be presented the proteome level changes in poplar leaves exposed to a 
prolonged cadmium treatment, furthermore combined with an exposure to chilling temperatures (4°C) 
during the last four weeks of the treatment. Proteome changes were assessed at the end of the 
experiment (day 56).  
2.1 Growth characteristics  
Concerning growth measurements, control plants chilled at 4°C experienced complete growth 
inhibition (figure 1 and table 1), similar to what has been described before (Renaut et al. 2004) Plants 
exposed to cadmium showed a strongly reduced growth as early as day 7, as has been shown 
previously (Kieffer et al. 2008, 2009a, 2009b). The combined cadmium and cold treatment had an 
even more severe effect. While plants exposed to cadmium-alone still had a significant growth (t-
Test; p<0.05) between day 28 and day 56 (see table 1), plants subjected to the combined 
cold/cadmium showed an absolute growth inhibition (Figure 1 and table 1). From a morphological 
point of view, the results confirm what was previously described for poplar exposed to cadmium 
(Kieffer et al. 2008, 2009a, 2009b), growth inhibition together with necroses, but no chloroses could 
be observed. When only submitted to the cold stress, plants showed first signs of chlorosis. Plants 
grown in the presence of Cd and cold-stressed showed serious injuries, with important chloroses and 
necroses, as well as senescence in the older leaves. In order to monitor these physiological changes, 
chlorophyll measurements were carried out at day 56, on leaves from the four groups of treated plants 
(Figure 2). The results of these measurements confirm the visual observations; single cadmium 
treatment had no quantifiable effect on chlorophyll fluorescence, even after 56 days. Cold treatment 
resulted in a slight decreasing Fv/Fm ratio, concordantly with the observed chlorosis in these leaves. 
However, in the combined treatment, chlorosis symptoms were stronger, and a strong impact on 
Fv/Fm could be observed.  
2.2 Proteomics analysis 
In the proteomic analysis, a high number of differentially expressed spots could be identified between 
the different growth conditions. About 1500 protein spots could be detected on the gels, of which 
110
about 1100 could be matched across the different gels. A 2-way ANOVA identified 326 spots 
differentially expressed for the different treatments. These 326 spots were used to carry out an 
automated principal component analysis (PCA) via the EDA Decyder software (GE Healthcare) 
(Figure 4), resulting in the clear separated proteome profiles obtained from plants exposed to the 
different treatments.The first axis, explaining 44.1 % of variation, separates the Cd-treated from the 
other samples, cold-treated plants are subsequently separated from the control and the cadmium-alone 
treated plants following the second principle component (explaining 29.6 % of variation, both axes 
explain a cumulative variance of 73.7% of all variation).  
MS analysis of these 326 spots resulted in the identification of 174 proteins with sufficient confidence 
(Table 2). Among these, the intensity of 41 spots changed specifically in gels from plants exposed to 
the cold or the combined cadmium-cold treatment, indicating that these proteins were cold-responsive 
(Figure 3). Interestingly, most of the proteins identified in these spots (32) showed an upregulation 
and are involved in various metabolic functions: the most important being cold stress response 
proteins and protein metabolism. The majority of the less intensive spots contained proteins involved 
in ATP synthesis and photosynthesis. 
There were 50 proteins which could be qualified as general stress responsive, these proteins either 
showed the same response regardless of the kind of stress, or either they were only differently 
expressed in the cadmium/cold treatment. Again most of these proteins (41) showed an increased 
abundance and most of the proteins were involved in carbohydrate metabolism (starch and sucrose 
metabolism, TCA cycle, glycolysis, pentose phosphate pathway), and in protein 
synthesis/degradation. The highest number of differentially expressed proteins (75) belonged to a 
group which could be qualified as having a cadmium-dependent expression. Meaning that they were 
differentially expressed in the cadmium treatment or the combined stress, but not in the cold 
treatment. This high number may be explained by the long duration of the cadmium stress (56 days), 
and the important phytotoxic effect of Cd (Kieffer et al. 2009b, Wahid et al. 2009,	   Durand et al. 
2011). For spots classified in this group the intensity of about the same number of spots increased (42) 
and decreased (33). Again proteins belonged to multiple metabolic functions, similar to the other 
treatments: Proteins involved in nitrogen and more specifically glutamine metabolism are important 
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as are proteins involved in sugar metabolism (glycolysis and TCA cycle) protein folding and 
proteolysis. The spots of lower intensity in Cd-exposed plants most importantly contain proteins 
involved in protein biosynthesis and proteins involved in the maintenance of the cellular structure. 
Nine proteins showed a behaviour which could be qualified as antagonist, increasing in abundance 
when treated with one environmental factor, but decreasing with the other stressor. In the combined 
treatment the protein abundance was in several cases deducible from the responses in the single stress 
situations: if i.e. the up-regulation in the chilling stress was important for a dehydrin (136, table 2d) 
(i.e. 15-fold) and the same protein was down-regulated (2-fold) in cadmium stressed plants, the 
protein showed still an up-regulation in the combined treatment but less strong (2.2 fold). Spots which 
were less abundant in cadmium and more abundant during cold stress included proteins involved in 
photosynthesis and protein folding. Whereas proteins being more abundant only in cadmium 
treatement belonged to the class of PR-proteins. (see table 2d) 
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3 Discussion 
In the present report the results of a study on the effects of a combined cadmium and cold exposure 
experiment on young poplar plants are presented. The long-term cadmium stress (20 µM during 56 
days) was combined or not with an exposure to low non-lethal temperature during the last 4 weeks of 
the experiment. The latter treatment induces a so-called chilling stress in cold sensitive plants (Renaut 
et al. 2006) (Wisniewski et al. 2006). Plants adapted to temperate climates, when exposed to low 
temperatures, can undergo several metabolic and physiological changes to become cold acclimated, to 
be able to withstand chilling or even freezing temperatures, for instance by synthetising 
cryoprotective molecules like proline, raffinose or sucrose	   (Wisniewski et al. 2006). Other changes 
include the synthetising of growth-restraining proteins that are part of the gibberellin (GA) signaling 
pathway in order to slow down or even stunt growth (Thomashow 2010). A negative event induced by 
chilling is the generation of reactive oxygen species (ROS). (Zhang et al. 2011). ROS affect many 
plant metabolisms by inducing cytotoxic conditions provoking oxidative damage to lipid, proteins, 
nucleic acid (Apel and Hirt 2004). Plants need to activate enzymatic pathway to detoxify ROS i.e the 
Ascorbate–Peroxidase cycle which has been shown to be a protection system against reactive oxygen 
species (ROS) occurring during over-excitation of the photosynthetic apparatus in cold-resistant high-
altitude tomato plants (Lycopersicon peruvianum L.) (Bruggemann et al. 1999). The response of the 
present poplar cultivar to a cold exposure has also been reported in several previously published 
studies (Renaut et al. 2004, 2005, 2006). In short, after a low-temperature exposure of 4°C in 
controlled conditions of up to 14 days, with several sampling points, plants showed a growth 
inhibition, a change in coloration in the upper stem part, conjointly with a decrease of PSII efficiency 
(characterized by chlorophyll fluorescence), whereas pigment content in leaves did not vary (Renaut 
et al. 2005). Proteomic results showed a large proportion of proteins with an increased abundance in 
response to the cold treatment; much less proteins had a decreased abundance. Among the observed 
results one can find mostly typical stress responsive proteins such as chaperonins, heat-shock 
proteins, dehydrins and other late embryogenesis abundant proteins, as well as ROS-detoxifying 
enzymes and proteins involved in stress signalling and transduction (Renaut et al. 2005). This is 
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similar to what has been found for plants subjected to cold stress in general (Taji et al. 2002, Rabbani 
et al. 2003, Amme et al. 2006, Thomashow 2010). 
The response of poplar plants to cadmium stress has been reported in several previously published 
studies; the effects of a short-term as well as a longer term treatment up to 56 days of cadmium stress 
has been described in leaves and roots of poplar plants (Kieffer et al. 2009a). Additionally many other 
studies studied physiological, morphological and metabolic effects of cadmium in various poplar 
cultivars (Arisi et al. 2000, Madejón et al. 2004, Laureysens et al. 2005, Pilipovic et al. 2005, Dos 
Santos Utmazian et al. 2007, Pietrini et al. 2009, Wu et al. 2010, Zacchini et al. 2011)	  (Durand et al. 
2010, 2011). In general it transpires that cadmium negatively affects growth (i.e. net biomass 
production) net photosynthesis, pigment content in various degrees depending on the cultivar, but at 
the same time plants show remarkable shoot to root cadmium contents, making certain poplar 
cultivars good candidates for phytoremediation (Laureysens et al. 2005, Pilipovic et al. 2005, Dos 
Santos Utmazian et al. 2007, Pietrini et al. 2009) (Durand et al. 2010, 2011). 
Concerning the present study and cultivar, plants exhibited a severe growth inhibition relatively early 
after the onset of treatment (day 7; see table 1). From a proteomic point of view, a deleterious effect 
on proteins related to oxidative stress defence could be observed, with typical stress proteins 
accumulating in the different tissues. It also became apparent that cadmium had a negative impact on 
proteins related to the primary carbon metabolism, light and dark reactions, although the impact was 
less pronounced with increasing exposure time. Consequently, after an initial alarm phase and a 
stabilisation of the stress response (Lichtenthaler 1996, 1998), plants remained photosynthetically 
active up to the end of the treatment. In the same time an important increase in abundance of proteins 
related to the glycolysis and the TCA cycle indicated that cadmium-treated plants increased the 
energy supply, by activating mitochondrial respiration. The tissular content of several hexoses, 
sucrose and more complex carbohydrates as raffinose, increased significantly, indicating that 
photoassimilates were less available for development and growth, but rather accumulated as free 
soluble sugars. This accumulation could also benefit stressed plant cells, as these compounds can act 
as osmoregulants and osmoprotectants.  
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The innovative aspect of the present study is to combine two already well-characterized 
environmental constraints: a cadmium stress exposure and a cold treatment. This may allow to 
distinguish cadmium-specific from more general stress-related responses.  
In the following text not all 178 proteins will be presented in detail (see table 2a,b,c and d). Many of 
these proteins have been already described in previous studies (see above); instead the discussion will 
focus on the main differences highlighted by the combined stress exposure. 
 
In response to low and high temperatures plants respond by inducing the synthesis of a small group of 
evolutionarily conserved polypeptides known as heat shock proteins (HSP) (Sabehat et al. 1998). Low 
temperatures, as experienced in a chilling treatment may impair protein structure and function, and in 
response molecular chaperones, like HSP’s are accumulated (Hewezi et al. 2006). HSPs are involved 
in many protein processes, like translation, translocation, refolding of stress-denatured proteins, 
prevention of aggregation of denatured proteins and membrane protection and are overexpressed 
under a wide range of stress conditions (drought, salinity) including low temperatures (Ukaji et al. 
1999) and cadmium stress (Neumann et al. 1994). In the present study, the overexpression of HSP 
seems to be closely related to the cold treatment. Indeed among the cold-responsive proteins 5 
isoforms of HSP (spot numbers: 392, 393, 398, 406, 409; see table 2a cold responsive proteins) 
showed an important (2.1 to 3.6-fold) accumulation. An additional HSP (423;table 2c), presented a 
stress-responsive behaviour upregulated (approx. 2-fold) in all three stress treatments. For cadmium 
specific response concerning protein folding metabolism, several protein disulfide isomerases (PDI) 
showed an increase in abundance (approx. 2-fold) (spot numbers 535, 539;table 2b cadmium 
responsive). PDI is known to assist in the folding of proteins containing disulfide bonds by oxidation 
of the sulfhydryl groups of cysteine	   {Ferrari and Söling, 1999, Biochemical Journal, 339, 1-10}. 
Other isoforms of PDI displayed a generalized stress response (531 536; table 2c), being upregulated 
in all stress situations. 
Lipocalins are a large and diverse family of transporter proteins, which can bind small, normally 
hydrophobic molecules. A specific class of these lipocalins exhibits a temperature-induced behaviour 
(Frenette Charron et al. 2002). Low temperatures in the form of a chilling treatment cause a loss in 
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membrane fluidity. A role of lipocalin in the transport and insertion of steroids in the membrane has 
been proposed, and therefore can have a positive effect on membrane fluidity during cold exposure 
(Frenette Charron et al. 2002). In the present study 2 isoforms of lipocalins showed a cold specific 
upregulation (1.6 - 2.6 fold) (2280, 2282; table 2a) The upregulation of lipocalins specifically during 
chilling, supports the evidence that poplar is actively undergoing a cold acclimation, the process of 
increased freezing tolerance after exposure to low non-lethal temperatures. During this process it is 
necessary to keep an active metabolism in order the undergo the necessary physiological changes, 
lipocalins with their beneficial effect on membrane fluidity support this active metabolism, even if the 
growth of plants is completely arrested.   
Dehydrins, are heat-stable glycine-rich proteins induced in response to many abiotic constraints that 
result in dehydration stress (drought, salinity, low temperature) (Renaut et al. 2004). Their proposed 
role is to stabilize cell membranes and to prevent protein denaturation at low intracellular water 
content as well as prevent the formation of intracellular ice (Wisniewski et al. 1999, Kosova et al. 
2007) . Several dehydrins showed a cold-specific upregulation (with average ratio’s ranging from 
11.9 to 15.7), whereas in the samples from cadmium-stressed plants the intensity of the same spots 
decreased (1906, table 1a ; 136 and 1952, table 2d). The induction of these two classes of well-
characterized and very specific cold-related proteins confirmed the specificity of the observed 
responses.  
Another important metabolic pathway which is strongly induced after exposure to cold is the 
methionine metabolism pathway via methionine synthase (spot numbers 276, 299, 303, 312, 313, 
table 2a) which is part of a cycle kown as the “activated methyl cycle” (Bohnert and Jensen 1996), 
where methionine is later converted to S-adenosylmethionine (SAM) (Narita et al. 2004). SAM is a 
donor of methyl groups to many important metabolites in cold stress, like methylated polyols and 
polyamines (Narita et al. 2004). Another among the many roles of SAM is being a precursor of the 
senescence controlling plant growth regulator, ethylene (Hausman et al. 1995). Ethlyene stimulates 
ageing and senescence of the plants, as well as an enhanced leaf abscission. As the whole plant 
metabolism is being strongly inhibited by the cadmium toxicity, plants are expected to respond with 
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an reduced cytokinin production, which would in turn increase ethylene production an entail a 
senescence of the plants.	  (Gan and Amasino 1995) 
Different parts of protein biosynthesis are also upregulated during cold exposure, proteins involved in 
initiation (922; 2.2 fold) and elongation (395, 878; 1.7 fold) are more abundant as are ribosomal 
proteins (1537; 1.57 fold). This is contrary to the situation in Cd-exposed plants, different proteins 
involved in cytosolic (2497, 979) but also chloroplastic (1045, 1049, 254, 255, 1088) protein 
biosynthesis were identified to be less abundant (average ratio’s between -1.5 and -4.4). This supports 
the fact that chilling exposure induces metabolic changes to withstand the constraint, metabolic 
changes that initiate the synthesis of proteins such as HSPs, dehydrins and other proteins typically 
associated with cold-acclimated plants (Cook et al. 2004, Thomashow 2010). Cadmium has a more 
deleterious, more toxic influence on the whole plant metabolism, one effect among others is causing it 
to slow down resulting in the early senescence of tissues. This hypothesis can be comforted by the 
differential regulation of proteolysis-related proteins during the stresses (between 1.7 to 4.3 fold 
increase). Most of the up-regulated proteolysis-related proteins are specific for the cadmium response 
(326, 327, 660, 669, 774, 779, 1914; table 2b) or stress-responsive (654, 698, 368, table 2c). On the 
other hand after the cold treatment (see table 2a), only one peptidase accumulates differentially (373; 
average ratio 1.85 ) and the total cellular proteolytic activity is furthermore decreased by the increased 
accumulation of a a cysteine proteinase inhibitor (2117; average ratio 2.31) . Cysteine proteinases are 
proteins cysteine-type endopeptidase activity and homologs of this protein have been shown to be 
upregulated in response to various abiotic stresses (like drought, salinity high or low temperature), as 
well as during programmed cell death (PCD) in the senescencing tissues (Forsthoefel et al. 1998, Xu 
and Chye 1999). The same cadmium stress specific response is observed for pathogenesis-related 
proteins, with proteins belonging to several classes of PR-proteins being more abundant in Cd-treated 
plants (1577, 1665, 1800, 1879), with important average ratio’s ranging from 2.5 to 15-fold increases. 
Some of the PR-proteins i.e. hypersensitive-induced response protein (1583 ratio: 1.59)  and beta-1,3-
glucanase (1794; ratio: 5.62) are overexpressed in cadmium conditions and being at the same time 
less abundant in the cold-treated plants (-1.9 for both). Contrary to what the name of this group of 
proteins suggests, PR-proteins do not only increase in plants exposed to biotic stresses such as fungal 
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or insect attack and wounding (Krishnaveni et al. 1999). Stresses that induce oxidative damage, like 
ozone exposure and cadmium stress, likewise induce the expression of several groups of PR proteins 
(Pell et al. 1997, Metwally et al. 2003). Together with the increased accumulation of proteolytic 
proteins in leaves, this kind of response appears to be very similar to a hypersensitive-type response 
observed in leaves after a pathogen attack (Heath 2000). 
Several isoforms of cytosolic glutamine synthases (GS) (1253, 1262, 1263, 1267, 1308 table 2b; 
1278,1276 table 2c) and glutamate dehydrogenases (1140, 1161), proteins involved in nitrogen 
metabolism also showed a cadmium-dependent (resp. stress responsive) upregulation with averages 
ratio’s ranging from 2.1 to 7,8, whereas cold treatment did not induce theses proteins. Contrary to 
this. the plastidic isoform of glutamine synthase (1080; table 2b) is less abundant after the cadmium 
treatment (average ratio -3.0). Although RuBisCO normally fixes CO2, frequently oxygenation of 
RuBisCO can occur, especially if CO2 availability is low. During this process, called photorespiration, 
a glycolate and a glycerate is produced, which must be recycled through the peroxisomes and 
mitochondria, leading to an enhanced production of waste ammonia (NH3), which needs to be 
detoxified. Plastidic glutamine synthetases (GS2) are mainly responsible for the recycling of this 
ammonia. However it has also been shown that overexpressing cytosolic GS initiated changes in 
photorespiration (through the reduction of the concentrations of free ammonia) thereby permitting a 
better nitrogen use efficiency (Oliveira et al. 2002). Together with an increase in glutamate 
dehydrogenase, this upregulation of GS could also indicate that recycling of ammonia and that 
remobilization of leaf nitrogen was taking place. Thereby representing a response to a reduced 
nitrogen assimilation in roots, known to be affected during cadmium stress (Chaffei et al. 2004). A 
similar event is observed during senescence, the activity of cytosolic GS increases, serving to the 
remobilization of nitrogen resources (Kawakami and Watanabe 1988, Diaz et al. 2008).  
Chlorophyll fluorescence analyses, a reliable non-intrusive method to evaluate the physiological 
status and efficiency of the photosystem II that is used as an empirical diagnostic tool in stress 
physiology (Kocheva et al. 2004, Renaut et al. 2005), have shown that cadmium treatment alone did 
not affect photosystem II (Figure 2). Previous studies indicated that some poplar cultivars are able to 
remain photosynthetically active even after prolonged cadmium exposure of up to 50 µm CdSO4 
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(Kieffer et al. 2009, Pietrini et al. 2009). The proteomic results of the present study confirm these 
findings. The cadmium treatment resulted in the decreased abundance of RuBisCo-related proteins 
(spots 1494, 1003 & 538). The cold treatment on the contrary resulted in a significant decrease in the 
Fv/Fm ratio and a concomitant decrease in the abundance of proteins related to the light phase of 
photosynthesis, notably oxygen-evolving enhancer proteins (1842, 1844, 2172), chlorophyll binding 
proteins (2109) and a protein from the electron transport chain (ferredoxin-NADP reductase, spot 
1647). 
The results suggest that cadmium treatment could also influence the general CO2 availability. In 
addition to the above-mentioned protein changes, two isoforms of carbonic anhydrases (2119, 2162) 
also showed a down-regulation in abundance. Carbonic anhydrases are responsible for the reversible 
hydration of CO2 and take part in many biologically important functions that involve carboxylation or 




These results suggest a negative impact on the primary metabolism of plants subjected to cadmium or 
chilling, although different parts of the system and metabolic pathways seemed to be targeted. During 
cadmium stress the Calvin cycle, and certainly CO2 fixation, is the most affected whereas cold 
treatment had a negative effect on the light phase of photosynthesis. Exposure to a single constraint 
had no lethal effect on plants, while in the case of the combined cadmium and cold exposure, a drastic 
decrease in the Fv/Fm ratio could be observed, plants showed severe symptoms of chloroses, 
necroses, and dehydration. Whereas the single cadmium treatment was not lethal to plants, they 
showed an important growth inhibition, and symptoms of necroses appeared in the youngest parts. In 
the view of the observed symptoms it can be assumed that the combined treatment would eventually 
be lethal to the plants. Although cadmium influenced the whole plant metabolism, affecting 
expression of proteins belonging to many and various metabolic functions, impairing growth and 
decreasing vitality cadmium seemed not lethal per se in the present experimental conditions. But 
when at the same time additional adverse environmental constraints occur, the viability of the plant 
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decreases. Plants growing in more realistic conditions than the present controlled environment, face 
many constraints simultaneously therefore the impact of heavy metal pollution on the survival of 
plants may be important. Protein results showed an increase in several stress-related proteins, as well 
as proteins pointing to an early senescence of the plants when faced with cadmium stress alone. Other 
environemental constraits like heat, drought, cold or biotic factors  plants necessitate a coordinated 
active metabolic response of the plants, which would prove difficult when already facing the 
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Figure 1 :  Growth in cm since day 0 of control plants, cadmium treated (20 µM CdSO4) at days 3, 
7 and 14 and 28. At day 56: growth in cm since day 0 of control plants, cadmium 
treated (20 µM CdSO4), cold treated (4°C, started at day 28), and a combination of both 
treatments (20 µM CdSO4 since day 0 and 4°C since day 28)  
Figure 2: Values Fv/Fm ratio, * indicates p<0.05 Student’s T-test carried out between control and 
treated plants on day 56 of treatment. 
Figure 3: Overviewing Venn Diagramm showing the overlap of the identified differentially 
expressed proteins (increase or decrease in abundance) during cadmium or cold stress, 
or a combination of cadmium and cold stress. 
Figure 4: PCA analysis of 312 differentially expressed proteins (p<0.01, 2-ways ANOVA). Left 
panel shows the distribution of the different spot maps form the experimental groups 
regarding the two principal components (PC1 (44.1%) and PC2 explaining a cumulated 
73.7 % of all the variation). The right panel shows the distribution of the proteins, 
according to the two axes. 
Tables: 
Table 1:  Growth (in cm since day 0) of control plants and cadmium treated plants for day 3, 7, 
15, 28 and 56. Part of the control plants and cadmium treated plants were separated on 
day 28 and subjected to a chilling stress as described in Materials and Methods. Growth 
(in cm since day 0) of these plants are indicated as well. Letters (a,b,c, and d) indicate a 
significant t-Test between sampling dates in the same group (control or cadmium). 
Asterisks indicate a significant difference (t-Test: * p<0.05, ***p<0.001) between a 
treatment and the control condition on a specific sampling date. 
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  Day 3 Day 7 Day 15 Day 28 Day 56 
Control 0.86±0.50 (a) 2.66±1.1(b) 7.03±2.39 (c)  13.98±4.22 (d) 30.68±6.25 (e)  
Control + Cold     13.02±5.21(d)*** 
Cadmium 0.64±0.35 (a) 1.94±0.83(b)* 2.60±1.17(c)*** 3.04±1.09(c)***  6.07±2.88(d)*** 



























Control EST accession NCBI accession Name/Function
Phospholipid metabolism
227 0.63 0.0074 0.15 1.15 2.21 1.52 gi|56816860 gi|125711079|gb|ABN51235.1| ?????????????????????????????????????????? ?????? ???    ??????? ????????  
1037 0.077 0.0048 0.35 -1.24 2.09 1.28 gi|14489498  gi|7576943|gb|AAF64066.1|AF251795_1 ???????????????????????????????????????????????????????? ?????? ???    ??????? ????????
Methionine metabolism
312 0.37 0.00032 0.04 1.18 2.56 1.71 gi|60693512  gi|6716760|gb|AAF26735.1| ????????????????????????????????????? ?????? ???    ??????? ???????  
313 0.63 0.0044 0.18 1.12 2.44 1.79 gi|38598218 gi|113473614|gb|ABI35986.1|???????????????????????????????????????? ?????? ???    ??????? ???????? 
276 0.0048 0.00081 0.045 -1.28 3.09 1.18 gi|46842628 ???????????????????????????????????????????????????????????????????????????????????????????????????????? ?  ?     ? ??   ?   
299 0.23 0.0082 0.02 1.18 1.93 1.25 gi|27414927  gi|8439545|gb|AAF74983.1|AF082893_1 ???????????????????????????????????????  ?????? ???    ??????? ????????  
303 0.31 0.005 0.034 1.17 2.39 1.41 gi|46842628 gi|23397103|gb|AAN31836.1|  ????????????????????????????????????????????????????????????????????????????????????????????????????????   ??     ?   ? ??  
Proteolysis
373 0.1 0.0035 0.41 1.39 1.85 2.1 gi|23969586 gi|18424970|ref|NP_569013.1|????????????????????????????????? ????????????????????????????????? ????? ???    ??????? ???????  
2117 0.13 0.0018 0.37 -1.11 2.31 1.51 gi|24064006 gi|1944319|dbj|BAA19608.1|??????????????????????????????????????????? ?????? ???    ??????? ?????? 
Protein Folding
392 0.75 0.00013 0.19 1.15 3.2 2.52 gi|27412706 gi|45331283|gb|AAS57913.1|  ??????????????????????????????????????????????????? ?????? ???    ??????? ??????  
393 0.92 0.00081 0.15 1.25 3.52 2.6 gi|27415806 gi|26985221|gb|AAN86275.1| ?????????????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
398 0.59 0.000022 0.77 -1.23 3.61 3.48 gi|27412706  gi|6969976|gb|AAF34134.1|???????????????????????????????????????????????????????????? ?????? ???    ??????? ????????  
406 0.38 0.0022 0.25 -1.06 2.15 1.51 gi|27419263  gi|108864707|gb|ABA95501.2| ??????????????????????????????????????????????????????????????  ?????? ???    ??????? ????????  
409 0.44 0.0031 0.16 1.03 2.1 1.46 gi|24102896   gi|3986110|dbj|BAA34919.1|  ??????????????????????????????????????????????  ?????? ???    ??????? ????????  
RNA metabolism
882 0.04 0.00028 0.019 1.41 1.74 1.7 gi|52390805 gi|186522071|ref|NP_850807.2|?????????????????????????????????????????????????????????????? ????? ???    ??????? ????????
Response to stress (dehydrins and  lipocalins)
1906 0.052 0.0055 0.22 -1.47 11.88 1.76 gi|18017497  gi|161897791|gb|ABX80065.1|  ?????????? ??????????????????????????????????????????????? ?????? ???    ??????? ????????
2280 0.14 0.0019 0.12 1.32 1.64 1.65 gi|24063031  gi|77744871|gb|ABB02389.1| ???????????????????????????????????????????????????? ?????? ???    ??????? ????????
2282 0.2 0.00043 0.45 1.34 2.62 2.81 gi|24063031  gi|77744871|gb|ABB02389.1| ???????????????????????????????????????????????????? ?????? ???    ??????? ????????
Carbohydrate Metabolism
363 0.68 0.0024 0.63 -1.11 2.28 1.94 gi|73879184 gi|2819gi|2501356|sp|Q43848|TKTC_SOLTU 0676|gb|AAO33154.1| ??????????????????????????????????????????  ????? ?????    ?????? ???    
2123 0.007 0.0079 0.54 1.47 1.54 2.6 gi|55734989  gi|1354515|gb|AAC49785.1| ??????????????????
Starch and Sucrose metabolism
710 0.71 0.00028 0.96 -1.04 1.86 1.72 gi|73876162  gi|82659609|gb|ABB88893.1| ??????????????????????????????????????????????????????????????????????
1380 0.24 0.0033 0.087 1.41 1.88 1.73 gi|90190663   gi|77416931|gb|ABA81861.1| ??????????????????????????????????????????????????????????????????? ???    ??????? ???????? 
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Glycolysis
743 0.84 0.0024 0.15 1.3 3.04 2.12 gi|24102975 gi|119355|sp|P26301|ENO1_MAIZE????????????????????????????????????????????????????????????????????? ?  ??    ??????? ????????  
Pentose phosphate pathway 
911 0.2 0.00078 0.99 1.13 1.63 1.93 gi|73894147 gi|2529229|dbj|BAA22812.1|?????????????????????????????????????????????? ?????? ???    ??????? ??????
Regulation
395 0.2 0.0086 0.79 -1.18 1.75 1.33 gi|38576205 gi|461999|sp|P34811|EFGC_SOYBN ?????????????????????????????????????????????????  ?????? ???    ??????? ????????  
922 0.61 0.0015 0.12 1.3 2.22 1.87 gi|73891442   gi|2500517|sp|Q40471.1|IF4A9_TOBAC ??????????????????????????????????????????????????????????????????????????????????? ? ??     ?? ??? ????????
878 0.28 0.0059 0.36 -1.04 1.61 1.27 gi|60703947 gi|90101285|sp|Q6YW46|EF1G2_ORYSJ  ????????????????????????????????????????????????????????????????? ???    ??????? ???????? 
1537 2.00E-01 0.0043 0.59 -1.12 1.57 1.26 gi|24070123  gi|6984134|gb|AAF34767.1|AF227622_1 ?????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
Oxidoreductase activity (oxidative stress respnse)
2381 0.27 0.0087 0.88 1.27 1.97 2.33 gi|52402357 gi|33308408|gb|AAQ03092.1|  ???????????????????????????????????????????
1715 0.27 0.0014 0.42 1.04 1.5 1.86 gi|52401141 gi|193733171|gb|ABY48757.3| ????????????????????????????? ??????????????? ?????? ???    ??????? ??????
ATP synthesis
458 0.2 0.000087 0.015 1.33 1.88 1.7 gi|46839514  gi|6721571|dbj|BAA89598.1|????????????????????????????????????????????? ?????? ???    ??????? ????????  
Storage
1405 0.21 0.01 0.27 1.07 2.21 6.67 gi|60700081     gi|21593610|gb|AAM65577.1| ???????????????????????????????????????????? ?????? ??     ??????? ?????? 
ATP synthase
682 0.39 0.0048 0.89 -1.17 -1.82 -2.12 gi|60210806 gi|56784991|dbj|BAD82521.1| ???????????????????????????????????????????????????????????????? ???? ???    ??????? ????????
Cell structure
1082 3.20E-02 6.90E-05 0.53 -1.2 -1.81 -2.54 gi|50070288  gi|156467287|gb|ABU68265.1| ??????????????????????? ?????? ???    ??????? ???????? 
Photosynthesis
1647 0.087 0.0072 0.53 -1.38 -1.65 -2 gi|52536292  gi|119905|sp|P10933|FENR1_PEA ?????????????????????????????????????????????????????????????????? ???? ???    ??????? ???????? 
1842 0.77 0.00065 0.82 -1.08 -2.36 -2.24 gi|27410498  gi|11134054|sp|Q40459|PSBO_TOBAC  ????????????????????????????????????????????????????????????????? ??? ???    ??????? ???????? 
1844 0.82 0.0029 0.42 -1.13 -2.56 -2.09 gi|73903298    gi|11134054|sp|Q40459|PSBO_TOBAC  ????????????????????????????????????????????????????????????????? ??? ???    ??????? ?????? 
2109 0.38 0.0025 0.62 -1.24 -2.02 -2.17 gi|55734471  gi|28558077|sp|Q9XF89|CB26_ARATH ??????????????????????????????????????????????????????????????????????????????? ?      ??????? ????????
2172 0.86 0.00036 0.47 -1.09 -3.39 -2.95 gi|38584517  gi|131390|sp|P16059|PSBP_PEA ????????????????????????????????????????????????????????????????? ??? ???    ??????? ????????
Oxidative stress defense
2213 0.12 7.10E-05 0.17 1.03 -2.99 -2.05 gi|28609958  gi|42795443|gb|AAS46231.1|  ???????????????????????????????????????????????????????????????? ????? ???    ??????? ???????? 
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1577 0.000031 0.78 0.74 9.87 -1.2 14.01 gi|14490938 ???????????????????????????????????? ?????? ???    ??????? ???????? 
1665 0.0012 0.86 0.85 2.52 1.01 2.97 gi|90187828 ???????????????????????????????????????? ?????? ??     ??????? ????? 
1879 0.00034 0.6 0.42 3.35 1.08 2.66 gi|73901281  ??????????????????????????????????? ?????? ???    ??????? ????????
1800 0.0000029 0.034 0.22 15 -1.46 6.35 gi|14490673 ???????????????????????????????????????????? ?????? ??     ??????? ??????? 
Proteolysis
326 0.001 0.91 0.0087 2.26 1.35 1.56 gi|73884362  ????????????????????????????????????????????  ?????? ???    ??????? ????????  
327 0.0016 0.078 0.21 1.92 1.46 2.06 gi|73884362 ???????????????????????????????????????????? ?????? ???    ??????? ????????  
660 0.0023 0.37 0.61 1.87 1.22 1.98 gi|27417227 ?????????????????????????????????????????????????????????????? ?????? ??     ??????? ?????  
669 0.00085 0.39 0.15 1.96 1.28 1.85 gi|38587742 ??????????????????????????????????????????????????????????????? ?????? ???    ??????? ????????  
774 0.0015 0.13 0.086 1.82 1.03 1.29 gi|50064581 ??????????????????????????????????????????????????????????????????? ?????? ???    ??????? ????????
779 0.0098 0.31 0.34 1.78 1.33 1.85 gi|50064581  ???????????????????????????????????????????????????????????????? ?????? ???    ??????? ????????  
1914 0.0018 0.51 0.72 1.86 -1.13 1.83 gi|33183534  ?????????????????????????????????????? ?????? ???    ??????? ???????? 
Protein Folding
535 0.47 0.11 0.0033 1.98 1.39 -1.08 gi|24057653 ??????????????????????????????????????????? ?????? ???    ??????? ???????? 
539 0.12 0.062 0.0022 2.73 1.37 -1.05 gi|73899081   ?????????????????????????????????????????????????????? ?????? ???    ??????? ????????  
?????????????
699 0.0058 0.3 0.84 1.61 1.11 2.06 gi|58309342  ???????????????????????????????????????????????? ?????? ???    ??????? ????????  
709 0.0029 0.6 0.8 1.63 -1.08 1.58 gi|56829456 ?????????????????????????????????????????????????? ?????? ???    ??????? ????????
Nitrogen Metabolism
1262 0.0000011 0.032 0.0047 7.78 1.12 3.05 gi|73870318  ??????????????????????????????????? ?????? ?????? ???    ??????? ????????
1267 0.00000069 0.41 0.012 4.34 1.49 3.4 gi|73901449 ???????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
1308 0.000016 0.0048 0.025 3.11 -1.12 1.53 gi|73874711  ????????????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
1253 0.000014 0.000046 0.003 2.97 -1.35 1.08 gi|73870318 ??????????????????????????????????? ?????? ?????? ??     ??????? ?????? 
1263 0.00075 0.085 0.066 2.18 1.02 1.38 gi|73874711 ????????????????????????????????????????????????????????????? ?????? ???    ??????? ????????
1140 4.00E-06 0.25 0.12 5.79 1.05 3.52 gi|90186936 ?????????????????????????? ?????? ??     ??????? ????? 
1161 3.40E-06 0.098 0.19 3.91 1.46 4.08 gi|90186936  ?????????????????????????? ?????? ???    ??????? ????????  
Sulfur metabolism
1401 0.0025 0.06 0.98 1.68 -1.28 1.3 gi|73902540   ?????????????????????????????????????????????????????????????? ?????? ??     ??????? ????? 
Regulation
1653 0.00028 0.36 0.41 3.37 1.47 3.68 gi|60707115 ??????????????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
1211 0.0017 0.16 0.57 1.57 -1.26 1.41 gi|46835686 ???????????????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
Cell Wall Modifying
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1759 0.0034 0.67 0.7 3.29 -1.34 2.6 gi|23996051 ????????????????????????????????????????????????????????????????????????? ???    ??????? ???????? 
1770 0.00083 0.1 0.73 2.3 1.14 3.97 gi|24103038  ????????????????????????????????????????????????????????????????????????? ???    ??????? ???????? 
????????????????
???????????????????????????????????????
847 0.00059 0.21 0.24 2.08 1.33 2.11 gi|73889374 ????????????????????????????????????????????????????????????????????????? ? ???    ??????? ????????
1256 0.0011 0.19 0.89 2.45 1.35 3.61 gi|38593943  ????????????????????????????????????? ?????? ???    ??????? ???????? 
??????????????????
464 0.0044 0.28 0.35 1.96 -1.01 1.49 gi|46838212 ???????????????????????????????????????????????????????????????  ?????? ???    ??????? ????????  
????????????????????????????????????????????????????
668 0.00058 0.9 0.00026 2.04 1.47 1.41 gi|57895124 ??????????????????????????????????????????????? ?????? ??     ??????? ??????
683 0.00012 0.28 0.1 2.25 1.37 2.11 gi|57895124    aldehyde dehydrogenase [Vitis pseudoreticulata] ?????? ???    ??????? ????????  
827 0.0002 0.43 0.036 3.43 1.25 2.05 gi|90190248   ?????????????????????????????? ?????? ???    ??????? ????????
2285 8.70E-06 0.2 0.5 4.86 1.39 5.28 gi|57892701 ???????????????????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
??????????
1351 0.00078 0.27 0.018 2.98 1.28 1.72 gi|57894772  ???????????????????????????????????????????????????????????? ?????? ??     ??????? ????? 
1359 0.022 0.0009 0.0016 2.24 -1.07 -1.25 gi|57892956  ????????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
1362 0.011 0.0011 0.025 2.24 -1.37 -1.29 gi|57894772   ???????????????????????????????????????????????????????????? ?????? ???    ??????? ????????  
1243 0.00091 0.99 0.43 2.17 1.14 2 gi|52515857 ??????????????????????????????????????????????????????????????????
???????????????????
2173 0.0015 0.71 0.58 2.68 1.05 2.54 gi|52495144 ??????????????????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
?????????
518 0.002 0.23 0.25 2.73 1.42 2.77 gi|27411127 ?????????????????????????????????????? ?????? ???    ??????? ????????  
1039 0.0000051 0.61 0.022 3 1.25 2.2 gi|24062185  ??????????????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
??????????????
1113 0.0044 0.82 0.83 1.6 -1.1 1.62 gi|38582037 ???????????????????????????????????????????? ?????? ??     ??????? ?????? 
Proteolysis
234 0.0002 0.73 0.013 -2.46 -1.31 -1.73 gi|55700514 ???????????????????????????? ?????? ???    ??????? ????????  
1173 3.80E-01 0.19 0.00025 -1.73 -1.42 1.06 gi|56832210 ????????????????????????????????????????????????????????????? ?????? ??     ??????? ????
???????????????
2114 0.0036 0.7 0.49 -2.47 -1.21 -2.28 gi|24018271 ??????????????????????????????????????????? ?????? ???    ??????? ???????? 
????????????????????????????????????
968 0.000081 0.012 0.67 -2.67 1.43 -1.6 gi|24062733  ???????????????????????????????????????????????????????????? ?????? ???    ??????? ????????
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?????????????????????????????????????????
1044 0.00004 0.21 0.8 -2.1 1.08 -1.82 gi|27418192  ??????????????????????? ???????????????????????? ?????? ???    ??????? ???????? 
???????????????????
1080 0.000041 0.04 0.054 -2.97 1.02 -1.69 gi|52530825  ?????????????????????????????????????????????????? ?????? ???    ??????? ????????
??????????????
776 0.0048 0.67 0.88 -2.06 1.04 -1.87 gi|52501010 ??????????????????????????????  ?????? ???    ??????? ????????
1090 4.3E-08 0.63 0.022 -2.58 -1.19 -2.28 gi|52509671 ????????????????????? ?????? ???    ??????? ????????
1096 0.00024 0.56 0.09 -1.75 -1.2 -1.59 gi|52509671  ????????????????????? ?????? ???    ??????? ??????
??????????
1688 0.00003 0.13 0.11 -4.22 1 -2.49 gi|73871179   ??????????????????????????????????????????? ?????? ???    ??????? ????????  
????????????????????????
1974 0.00002 0.038 0.0049 -3.82 -1.12 -1.87 gi|24103693 ???????????????????????????????????????????????????????????????? ?????? ???    ??????? ?????? 
??????????????????????
2184 0.0027 0.093 0.015 -2.75 -1.15 -1.36 gi|24099936  ????????????????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
??????????
1813 0.0034 0.17 0.066 -2.01 -1.08 -1.33 gi|73894755 ????????????????????????????????????? ?????? ???    ??????? ????????
?????????????
1218 0.18 0.65 0.0099 -1.67 -1.35 -1.1 gi|73924310 ??????????????????????????????????????????????????? ?????? ???    ??????? ????????
????????????????????
2497 8.00E-06 0.36 0.0012 -4.43 -1.46 -2.37 gi|56834725 ????????????????????????????????????????????????????????????? ?????? ???    ??????? ????????  
1045 0.0078 0.067 0.58 -1.57 -1.32 -1.91 gi|56834459 ????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
1049 0.0063 0.99 0.61 -2.4 -1.1 -2.08 gi|56834459  ????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
1088 0.00022 0.66 0.1 -1.81 -1.1 -1.52 gi|24019458  ??????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
254 0.0014 0.14 0.75 -1.74 1.19 -1.38 gi|50059919 ????????????????????????????????????????????????? ?????? ???    ??????? ????????  
255 0.0023 0.025 0.21 -2.26 1.29 -1.21 gi|73934642  ?????????????????????????????????????????????????? ?????? ???    ??????? ??????
???????????????????????
2060 0.011 0.29 0.0069 -1.75 -1.49 -1.46 gi|60696912  ?????????????????????????????????????????????????????????????????????????  ?? ?? ???    ??????? ????????  
1326 0.0094 0.032 0.043 -1.74 1.02 -1.07 gi|73869561 ???????????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
2119 0.0023 0.034 0.00074 -3.38 -1.36 -1.26 gi|55734989   ?????????????????? ?????? ???    ??????? ?????? 
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2162 0.0043 0.12 0.00034 -2.53 -1.43 -1.24 gi|55734989   ??????????????????  ?????? ???    ??????? ????????
979 0.0000095 0.94 0.21 -1.88 1.14 -2.08 gi|50061059 ??????????????????????????????????????????????????????????????????????????????????????????????????
1003 0.00043 0.69 0.86 -1.95 1.09 -1.85 gi|24104604 ????????????????????????????????????????????????????????????????????? ???? ???    ??????? ?????? 
538 0.0094 0.49 0.91 -2.18 1.11 -1.82 gi|73874292 ????????????????????????????????????????????????????????????????  ?????? ???    ??????? ????????  
?????????????
1406 0.0054 0.46 0.11 -1.88 -1.33 -1.67 gi|52378763    ?????????????????????????????????????????????????? ?????? ??     ??????? ???????
829 0.0017 0.25 0.26 -3.93 1.09 -2.2 gi|46841726 ????????????????????????????? ?????? ???    ??????? ???????
1193 0.0099 0.75 0.24 -1.63 1.16 -2.38 gi|24099267 ????????????????????????????? ?????? ???    ??????? ????????
????????????????????????
859 0.00062 0.71 0.048 -2.35 -1.35 -1.86 gi|73883611  ??????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
870 0.00077 0.23 0.25 -1.67 -1.22 -1.67 gi|52510978  ?????????????????????????????????????????? ?????? ???    ??????? ????????  
1521 0.00003 0.54 0.065 -2.12 -1.1 -1.7 gi|24018718  ??????????????????????????????????????? ?????? ???    ??????? ???????? 
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1519 0.005 0.029 0.5 1.33 1.21 1.86 gi|46838586 gi|33329198|gb|AAQ09999.1| ?????????????????????????????????????????????????????????????? ?????? ???    ??????? ????????  
1269 6.00E-05 0.021 0.76 3.19 1.63 4.51 gi|50061799  gi|56122688|gb|AAV74407.1|  ??????????????????????????????????????????????????????????? ?????? ???    ??????? ????????
1361 0.00053 0.0086 0.3 1.77 1.52 2.19 gi|73869561   gi|56122688|gb|AAV74407.1| ??????????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
?????????????????????????
631 0.041 0.0079 0.2 1.73 2.08 2.43 gi|73889388 gi|85700176|gb|ABC74528.1|  ?????????????????????????????????????????????????????? ?????? ???    ??????? ??????  
899 0.00012 0.0062 0.16 2.18 1.65 2.67 gi|23972398 gi|15232888|ref|NP_186885.1|????????????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
?????????
196 0.014 0.003 0.076 2.5 2.97 3.89 gi|27420611  gi|171854675|dbj|BAG16527.1| ??????????????????????????????????????? ?????? ???    ??????? ????????
197 0.049 0.0045 0.31 1.93 2.7 3.88 gi|57888562 gi|40253814|dbj|BAD05751.1| ?????????????????????????????????????????????????????????? ?????? ???    ??????? ????????  
500 0.00076 0.019 0.038 4.34 2.82 5.18 gi|57890924 gi|15240075|ref|NP_201477.1|??????????????????????????????????????????????????????????? ?????? ???    ??????? ????????  
527 0.00047 0.0084 0.049 2.53 1.98 2.92 gi|73870826 gi|1346485|sp|P34105|MAOX_POPTR ????????????????????????????????????? ?????? ???    ??????? ????????  
543 0.01 0.0036 0.33 2.29 2.8 4.47 gi|73870826 gi|1346485|sp|P34105|MAOX_POPTR NADP-dependent malic enzyme (NADP-ME) ?????? ???    ??????? ????????  
516 5.70E-03 0.046 0.1 2.44 1.97 2.7 gi|23987329 gi|1346485|sp|P34105|MAOX_POPTR ????????????????????????????????????? ?????? ??     ??????? ??????
??????????
474 0.041 0.0045 0.006 1.91 2.22 1.95 gi|38576267 gi|12585330|sp|Q9ZSQ4.1|PGMC_POPTN ????????????????????????????????????????????????????????????? ?????? ???    ??????? ????????  
482 0.000075 0.0000011 0.0000022 2.81 3.64 2.97 gi|24016805 gi|1346735|sp|P35493.2|PMGI_RICCO ?????????????????????????????????????????????????????????????????????????????  ? ? ???    ??????? ????????  
487 0.49 0.003 0.017 1.52 2.16 1.68 gi|56824792 gi|12585330|sp|Q9ZSQ4.1|PGMC_POPTN   Phosphoglucomutase, cytoplasmic (PGM) (Glucose phosphomutase) ?????? ???    ??????? ????????  
489 0.0077 0.11 0.00074 2.29 1.98 1.67 gi|50069033 gi|1346735|sp|P35493.2|PMGI_RICCO ?????????????????????????????????????????????????????????????????????????????? ? ?  ??    ??????? ????????  
491 0.22 4.00E-05 0.021 1.75 4.04 3.15 gi|24016805 gi|1346735|sp|P35493.2|PMGI_RICCO ?????????????????????????????????????????????????????????????????????????????? ? ?  ??    ??????? ????????  
733 0.23 0.0028 0.014 1.69 2.41 1.93 gi|24102975  gi|119355|sp|P26301|ENO1_MAIZE????????????????????????????????????????????????????????????????????
756 0.087 2.60E-04 1.20E-03 1.81 2.66 2.04 gi|47108661   gi|119355|sp|P26301|ENO1_MAIZE???????????????????????????????????????????????????????????????????? ?????? ???    ??????? ????????
751 0.12 7.70E-05 0.027 1.91 4.07 3.47 gi|24102975  gi|55296986|dbj|BAD68461.1|putative enolase [Oryza sativa Japonica Group] ?????? ???    ??????? ????????
593 0.00063 0.003 0.0058 3.36 2.88 3.56 gi|73888681  gi|5869801|emb|CAB55566.1| ?????????????????????????????????????????????????????
??????????????????
162 0.0033 0.043 0.0091 6.79 4.5 5.99 gi|52377091 gi|134142800|gb|ABO61734.1| ????????????????????????????????????????????????????????????????
????????????????????
1411 0.0021 0.01 0.049 1.3 1.07 5.14 gi|55734932 gi|5608497|emb|CAB51533.1|???????????????????????????????? ?????????????????? ?????? ???    ??????? ???????
???????????
515 9.70E-06 0.037 0.017 4.67 1.99 4.39 gi|38587742  gi|12802327|gb|AAK07827.1|AF297643_1 ??????????????????????????????????????????????????????????????? ?????? ??     ??????? ???? 
654 0.0054 0.46 0.065 2.31 1.51 1.88 gi|27417227 gi|12802327|gb|AAK07827.1|AF297643_1??????????????????????????????????????????????????????????????  ?????? ???    ??????? ????????  
698 0.019 0.0075 0.19 1.82 2.07 2.43 gi|73888650    gi|15235763|ref|NP_194821.1|???????????????????????????????????????????????????????????? ?????? ???    ??????? ????????
368 0.0021 0.0028 0.89 1.4 1.39 1.99 gi|52523771  gi|18424970|ref|NP_569013.1|????????????????????????????????? ???????????????????????????????? ?????? ???    ??????? ????????
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????????????????????????????????????????
521 3.10E-05 0.0089 0.0057 3.85 2.43 3.79 gi|27421666  gi|37927420|gb|AAP69814.1|  ?????????????????????????????????????????????????? ?????? ??     ??????? ?????  
525 4.10E-03 0.014 0.26 1.83 1.68 2.34 gi|27421666    gi|37927420|gb|AAP69814.1|?????????????????????????????????????????????????? ?????? ???    ??????? ?????? 
???????????????
531 2.30E-02 0.0079 0.13 1.91 2.19 2.44 gi|73899081 gi|49257109|dbj|BAD24712.1|?????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
536 0.016 0.046 0.0002 2.14 2.06 1.59 gi|57894525 gi|11133775|sp|Q43116|PDI_RICCO ??????????????????????????????????????????? ?????? ???    ??????? ????????  
423 0.092 0.78 0.0024 2.38 1.67 1.2 gi|23965001 gi|300265|gb|AAB26551.1|HSP68=68 kda heat-stress DnaK homolog [Lycopersicon peruvianum=tomatoes,  Peptide Mitochondrial Partial, 580 aa] 
????????????????
677 0.0068 0.12 0.023 2.16 1.75 1.92 gi|27422733  gi|156857647|gb|ABU96176.1|??????????????????????????????????????????????????????? ?????? ??     ??????? ???????  
728 0.0052 0.0022 0.94 1.6 1.73 3.09 gi|14492122 gi|6723469|emb|CAB66332.1|  ??????????????????????????????????????
???????????
1856 0.0032 0.049 0.0023 2.83 2.43 2.22 gi|73901281 gi|1800141|gb|AAB41324.1| ??????????????????????????????????? ?????? ???    ??????? ???????? 
1136 1.00E-06 0.018 0.0018 8.04 2.73 6.91 gi|52534002 gi|156857643|gb|ABU96174.1| ?????????????????????????????????????????????????????? ?????? ???    ??????? ????????
1129 0.00000011 0.27 0.000064 11.86 1.9 5.01 gi|52534002 gi|156857643|gb|ABU96174.1| ?????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
???????????????????
1278 3.30E-06 0.00027 0.047 2.75 1.98 3.7 gi|73871938  gi|1707959|sp|P51119|GLNA2_VITVI ????????????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
1276 0.00000023 0.37 0.046 7.6 1.52 6.28 gi|73870318  gi|159138927|gb|ABW89463.1| ??????????????????????????????????? ?????? ?????? ???    ??????? ????????
?????????????????????????????
714 0.0008 0.31 0.11 2.5 1.54 2.29 gi|33455193 gi|82659609|gb|ABB88893.1| ????????????????????????????????????????????????????????????????????? ?????? ??     ??????? ??????
849 0.059 0.0004 0.44 1.52 2.42 3.01 gi|24070745  gi|6164591|gb|AAF04455.1|AF053973_1  ????????????????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
?????????????
632 0.0036 0.37 0.42 1.27 -1.01 1.5 gi|73869369  gi|186510450|ref|NP_001118706.1| ???????????????????????????????????????????????????????????   ?????? ???    ??????? ??????
1116 0.0024 0.045 0.1 1.45 1.14 2.65 gi|38582037 gi|6177796|dbj|BAA86060.1| ???????????????????????????????????????????? ?????? ???    ??????? ????????  
1947 0.7 0.0037 0.13 -1.24 1.34 1.78 gi|24100270   gi|7801133|emb|CAB91553.1| ?????????????????????????????????? ?????? ??     ??????? ???? 
972 0.041 0.0021 0.0058 1.54 1.75 1.61 gi|27418169  gi|1170508|sp|P41381.1|IF4A8_TOBAC  ???????????????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
1781 7.70E-05 0.011 0.16 3.34 2.01 4.48 gi|24064795  gi|163914197|dbj|BAF95867.1| ????????????????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
????????????????????
359 0.0055 0.33 0.086 -2.63 -1.66 -2.33 gi|56826945   gi|33151175|gb|AAP97437.1|???????????????????????????????????????????????  ?????? ??     ??????? ??????  
?????????????
681 1.70E-05 0.004 0.001 -3.11 -2.17 -2.89 gi|22094585 gi|22094585|gb|AAM91922.1|AF525277_1??????????????????????????????????????? ?????? ???    ??????? ???????? 
?????????????????
1048 0.0076 0.0035 0.42 -1.55 -1.62 -2.14 gi|56834459 gi|133872|sp|P29344|RR1_SPIOL  ????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
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???????????????????
1436 0.0085 1.20E-05 0.0099 -1.96 -3.55 -3.55 gi|52530649   gi|60686429|gb|AAX35343.1|  ??????????????????????????????????? ?????? ???    ??????? ???????? 
??????????????
1846 0.18 0.017 0.28 -1.59 -2.1 -2.11 gi|27411145 gi|119952178|dbj|BAA96365.3| ??????????????????????????????????????????????????????????????????? ?????? ???    ??????? ??????
1864 0.0099 0.055 0.032 -2.96 -2.26 -2.8 gi|50060336   gi|12620883|gb|AAG61121.1|AF329935_1 ?????????????????????????????????????????????????????????????????????? ?????? ???    ??????? ????????
557 0.0012 0.011 0.46 -1.26 -1.15 -1.57 gi|56817612 gi|3790441|gb|AAC68501.1|????????????????????????????????????????????????
?????????????????????????
2229 0.14 0.38 0.0059 -1.89 -1.65 -1.35 gi|18012634 gi|3328221|gb|AAC78473.1| ???????????????????????????????????????? ?????? ???    ??????? ???????? 
??????????
256 0.0045 0.2 0.59 -1.37 -1.08 -1.69 gi|73934642  gi|461999|sp|P34811|EFGC_SOYBN ????????????????????????????????????????????????? ?????? ???    ??????? ????????  
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136 0.0075 0.00034 0.089 -1.94 15.74 2.18 gi|24065383 gi|29120045|emb|CAC18724.4|  ???????????????????????????????????????? ?????? ???    ??????? ????????  
1952 0.049 0.0026 0.27 -1.56 14.56 2.12 gi|24065920 gi|625155|gb|AAA99963.1|  ??????????????????? ?????? ???    ??????? ????????  
??????????????
787 0.31 0.0081 0.21 -2.43 1.53 1.56 gi|110227087 ???????????????????????????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
991 3.60E-05 0.019 0.27 -1.98 1.6 -1.61 gi|52397711 gi|94549022|gb|ABF38996.1| ??????????????????????????????????????????????????????????????????????
???????????????????????
1478 3.10E-05 0.002 0.69 -2.35 1.59 -1.39 gi|23976210 gi|15220854|ref|NP_173786.1|??????????????????????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
???????????????
117 0.051 0.0074 0.68 -2.31 4.19 1.36 gi|52509246 gi|30699465|ref|NP_850984.1|??????????????????????????????????????????????????????????????? ?????? ??     ??????? ?????  
???????????
1794 1.70E-04 1.30E-05 0.95 1.59 -1.9 -1.16 gi|60697891   gi|151347473|gb|ABS01349.1|  ??????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
1583 0.00054 1.20E-01 7.80E-01 5.62 -1.95 3.92 gi|38584887   ????????????????????????????????????? ?????? ???    ??????? ????????
??????????????????
1205 0.00082 0.0013 0.22 3.26 -1.85 1.04 gi|38594604  gi|15242458|ref|NP_199379.1|?????????????????????????????????????????????????????????????????? ?????? ???    ??????? ???????? 
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4. General Discussion
4.1. First reactions of poplar plants to cadmium exposure
The experiments presented in the different chapters were all carried out building one 
upon the other to yield a comprehensive picture presented in this general discussion. 
The first  experiment was meant to validate the experimental setup, and allowed also 
to get a baseline for all the other experiments. The cadmium concentration and 
timeline was purposely  chosen to be able to get a quick and significant cadmium 
toxicity  response. This concentration was chosen as a trade-off, gathered from several 
published reports (see 3.1.1. Introduction) between an excessive dose which would be 
too damaging in a short term and more realistic low concentrations, which could be 
approximated to field conditions. In any case, as cadmium sulphate supplemented in 
hydroponics is completely available to the plant, it compares in no way to a realistic 
cadmium soil pollution. This work didn’t intend to approximate field conditions but 
wanted to assess an immediate physiological and biochemical cellular response. In 
order to achieve this goal, young developing leaves were used for the experiments, as 
these still expanding leaves were first in the line concerning cadmium toxicity. As 
expected, poplar plants reacted quickly  once exposed to cadmium during the 
hydroponics experiments. The most striking reaction was an almost complete 
inhibition of new growth. As the first impact of cadmium toxicity was most easily 
measured and observed on new growth, a first proteomic spotlight was directed on 
young leaves. These young, still expanding leaves allowed harvesting enough 
material for a thorough proteomic and biochemical analysis. Younger leaves, 
respectively budding shoots, could have shown a more pronounced impact, but not 
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enough plant material was available for such an analysis. Another follow-up 
experience in the present project would be to analyze proteomic changes in older 
more mature leaves. Changes in these leaves would allow to verify  if an accelerated 
ageing takes place and also to confirm if the observed protein changes in younger 
leaves are in relation to a cadmium exposure during a developmental stage, or rather 
more tied to a general physiological stress adaption. 
As for the leaves that were analysed, already after 3 days proteomic changes occurred 
already in the almost fully expanded leaves (see Experimental Chapter 1). Similar 
protein changes were also observed later in the  longer term experiment, which 
validated the experimental setup, as cadmium induced a direct effect in plants even in 
this short time. 
4.2. Effect of cadmium on carbon metabolism
During the work described in the first chapter, this growth inhibition could be related 
to a number of protein changes. It  seemed that cadmium had a deleterious effect  on 
carbon metabolism, mainly  proteins involved in CO2 assimilation and photosynthesis. 
Similar proteomic results on photosystem and carbon fixation proteins have been 
found in rice (Hajduch et al. 2001). Also other heavy metals beside cadmium could 
induce similar proteomic changes in various plants, i.e copper in Cannabis sativa 
(Bona et al. 2007) or manganese in cowpeas (Vigna unguiculata L.). A study  in pea 
plants could link the inhibition of growth with other physiological disorders like a 
reduction in the transpiration and photosynthesis rate, chlorophyll content of leaves, 
and an alteration in the nutrient status in both roots and leave (Sandalio et al. 2001). 
Due to the well adapted growing conditions in the present work, single cadmium 
stress was not able to induce a reduction in chlorophyll content. This has been shown 
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in Experimental Chapter 2, even during a longer treatment. Finally  a combined 
treatment with a chilling stress had enough impact on the weakened plants, so that 
chlorosis as well as a significant decrease in the Fv/Fm chlorophyll fluorescence 
ration could be observed, in Experimental Chapter 4.
4.3. Stress syndrome responses and senescence in cadmium treated 
plants
After a first proteomic investigation in leaves during a short-term exposure the next 
logical step was to prolong the treatment. This seemed necessary for several reasons 
described in the Outlook of Chapter 1, most prominently  in order to validate 
proteomic data from the first short term exposure. Proteins showed an almost linear 
increase, respectively decrease, up to that time-point, this trend had to be assessed, 
and could be confirmed in the second Chapter. Moreover it could be shown that at the 
end of the experiment proteins began reaching a plateau in up- or downregulation, 
probably  meaning that plants have reached a steady-state of regulation in response to 
an ongoing cadmium exposure and the entailing oxidative stress state induced by  the 
heavy  metal. This could mean that plants were able to adapt to the stress, actually 
changing their physiological “standard” to a hardened new standard, as has eloquently 
been described by  Lichtenthaler (1996). Lichtenthaler also added that in the case of a 
stressor that  remains too long, plants will eventually reach an exhaustion stage, where 
the senescence processes become dominant and plants will eventually  lose vitality, 
chronic cell damage will occur and plants will die (Lichtenthaler 1996; Lichtenthaler 
1998). In the present experiments plant seemed not to reach such an exhaustion stage, 
although during longterm treatment, a more pronounced senescence occurred in older 
leave stages, as had been illustrated by a more important abscission of leaves in 
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cadmium treated plants compared to control conditions. This accelerated senescence 
could be attributed to an oxidative stress generated by  cadmium (Benavides et al. 
2005). Authors have reported an increased ROS production, a decrease in enzymatic 
and non-enzymatic ROS detoxifying mechanisms (Shaw 1995; Sandalio et  al. 2001; 
Benavides et al. 2005). It  could also be speculated that if plants were to grow in more 
realistic cadmium concentrations, plants would probably be able to adapt to a chronic 
cadmium exposure. If stress coping mechanisms are sufficient for managing cadmium 
inside the plant and plant cells, a new physiological standard can be achieved.
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4.4. Coping with cadmium stress
There exist several cadmium stress coping mechanisms, and most studies seem to 
concur that concerning cadmium detoxification, glutathione as well as phytochelatins 
play  a major role, as these molecules are able to chelate and sequester cadmium 
(Benavides et al. 2005). The plants are able to transport toxic ions to the major storage 
organs and tissues, where they can be chelated. Sub-cellular compartmentalisation is 
another additional detoxification mechanism; plants transport and store the chelated 
ions into the vacuole and several specific transporter proteins (from the ABC 
transporter family) have been identified.(Verbruggen et al. 2009). 
4.4.1. The role of the antioxidant system
 Another major player in cadmium stress coping is the plants antioxidant defence 
mechanism, as heavy metals induce oxidative stress by various mechanisms, in a 
direct or indirect fashion by  producing or enhancing production of reactive oxygen 
species (superoxide radical: O2.-, hydrogen peroxide: H2O2 or hydroxyl radical: OH.). 
This is being summarised in the following figure, which has been adapted from 
Benavides et al. (Benavides et al. 2005) to highlight the implication of cadmium in 
ROS production and oxidative stress (Fig 4.1). In all aerobic organisms, during 
electron transport of photosynthesis or respiration these reactive oxygen species occur 
inevitably when excited electrons are transferred to oxygen molecules (Asada 1994). 
One of the major targets of cadmium toxicity  in plants (similar to animals) are the 
mitochondrial electron transfer chain (Heyno et al. 2008).Cadmium influences or 
even disrupts electron transport in mitochondria but  also in chloroplast. (DalCorso et 
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al. 2008) Disrupting electron transfer chains are the causes of the most rapid Cd-
induced ROS productions (Verbruggen et al. 2009).
Several redox-active metals like copper or iron also produce directly ROS by the 
Haber-Weiss or Fenton reaction (see Fig. 4.1). Concerning cadmium, as it  is not  a 
redox active metal, it mostly  induces ROS in an indirect fashion, it has a direct 
influence on the quantity and activity of many ROS-detoxifying enzymes like 
glutathione reductase, ascorbate peroxidase, catalase, superoxide dismutase.
Fig 4.1 Summary of ROS production in plant cells and the implication of Cd, adapted from Benavides 
et al. Red arrows indicate implication of redox-active metals, like copper, iron.
This has also been discussed in a study  of a mild cadmium stress response in 
Arabidopsis thaliana: in a final conclusion, drawing on findings from different 
studies, including the ones published during the present work, Semane et al. (2010) 
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propose a model where glutathione and phytochelatins play a pivotal role in 
sequestering cadmium (Semane et  al. 2010). The authors propose, as has also been 
proposed in both the present short-term and longterm study, that an imbalance in the 
cellular redox status is responsible for the oxidative stress response. The authors 
indicated also that among other targets, photosynthesis can be damaged if the stressor 
is too high, leading to a collapse of plant  metabolism (Semane et al. 2010). 
Microlocalization studies in Brassica napus indicate that cadmium is preferably 
chelated in the “soluble” fraction, mainly vacuole and cytosol, additionally a non -
sulfuric fraction is found bound to the cell wall (Carrier et al. 2003). In this study 
(long term study  on a polluted soil), only low amounts of cadmium were found in 
chloroplasts, consistent with the observation, that photosynthesis will be preserved as 
long as possible in growing plants. 
In regards to the present work, this hypothesis about redox status allows to explain the 
occurrence of various general stress response proteins. These proteins were observed 
very early in cadmium exposure and can be explained by an imbalance in the redox 
status, as has been discussed in Chapter 2 and by  Semane et al. (2010). Indeed, 
already in 2001, a microarray study on mitochondria dysfunction induced by 
antimycin A in Arabidopsis thaliana showed similar responses in differential 
expressed RNA’s with other arrays obtained from various biotic and abiotic stresses 
like virus infection, hydroxide peroxygen aluminium and also cadmium (Yu et al. 
2003). At that time authors already  speculated about a possible common signalling 
mechanism, closely  linked to ROS. This work was preceded by a study  on poplar 
sensitivity to ozone, where the authors referenced several other articles showing an 
overlap in signalling pathways for defence-related genes induced by ozone and of 
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course pathogen infection, but also cold, drought and heavy metal toxicity in various 
plant species (Koch et al. 2000). 
More recently these common signalling pathways have been pinned down to a 
possible candidate: the cytosolic glutathione reductase (GR) is responsible to maintain 
glutathione in the reduced state and it seems that if an imbalance between cytosolic 
GSH and GSSG occurs this imbalance is then responsible for signalling (Mhamdi et 
al. 2010). It could bee shown that a GSSG accumulation in the cytosol was 
responsible for an accumulation of salicylic acid, induction of pathogenesis-related 
genes, and signaling through jasmonic acid pathways (Mhamdi et al. 2010). In the 
present work, a decrease in glutathione reductase in leaves has been investigated in 
Chapter III, and it can be speculated that this decrease in activity (already after 3 days 
of treatment) would be sufficient to induce an imbalance in GSH/GSSG status and 
that this would switch on the expression of the defence-related proteins, which have 
been extensively  described during the four chapters, indeed the most strongly up-
regulated proteins which could be identified were the various pathogenesis-related 
proteins.
In the light of the present findings, an implication of the sulfur metabolism in 
cadmium stress responses, seems certain. It then may be of a high interest to gain 
further insights into the sulfur assimilation, notably  the sulfate reduction step 
occurring mostly  in leaves. Sulfate transporters and uptake in roots may also be a 
possible target for cadmium stress response, and a closer investigation may .  
This is in line with many interesting reports of heavy metal tolerance, and especially 
cadmium, in garlic (Allium sativum), or Indian mustard (Brassica juncea) (Heiss et al. 
1999; Liang Zhu et al. 1999; Jiang et al. 2001; Su and Wong 2004; Fusco et al. 2005; 
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Zhang et al. 2005; Hayat et al. 2007; Mobin and Khan 2007). Plants of the 
Brassicaceae as well as the Alliaceae familly contain naturally high secondary sulfur 
metabolites as cysteine sulfoxides (i.e. alliin) or glucosinolates. As cysteine (as well 
as glutamate), is used for synthesis of these compounds as well as gluthathione, 
phytochelatins or metallothioneins, a competition  in the plant for sulfur may occur, 
and in the end have a direct or indirect effect on cadmium stress responses. On the 
other hand, sulfur uptake and assimilation may  well be more efficient in these plants 
and they may be interesting plants to use in phytoremediation projects.
As any changes in sulfur metabolism affects also glutathione metabolism, it will be 
necessary  to further deepen the oxidative stress response mechanisms in the tested 
samples. Assessement of lipid peroxidation is often used in assessing the oxidative 
stress state in plants, and could be used also on the present samples. It  would be very 
interesting to monitor reduced versus oxidized glutathione, as well as other reducing 
agents like NADPH, ascorbate. This would allow gain a more precise picture on the 
impact of cadmium on oxidative redox status in cadmium treated poplars.
4.4.2.  A novel role for osmotic protectants?
The longer term study described in Chapter II, allowed investigating other 
physiological and biochemical parameters like, most importantly  pigments and 
several carbohydrates, to corroborate the aforementioned findings in carbon 
metabolism proteins. As has been discussed in Chapter 2, carbohydrate analysis 
showed a dramatic increase in all tested molecules, again proving that plants remained 
photosynthetically  active. It could be proposed that in our experimental setup, which 
features ideal growth conditions (apart from the cadmium exposure) plants, as an 
initial stress response almost completely  stop their growth, which opens the 
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possibility for plants to no longer allocate their energy  for their growth process but 
rather synthesising the above-mentioned metabolites.
Several observations during the longer-term exposure and combined treatment also 
hint that plants are restarting growth at the end of the experiments. Among these 
observations are new shoots appearing on the base of the stem of several plants, as 
well as an new root growth. 
These results showed once more that in our experimental setup, plants experienced  a 
severe stress but it  was yet  not affecting the viability  of the plants, also according to 
the proposed model of Lichtenthaler (Lichtenthaler 1996). Plants are able to stock the 
excess energy provided by a ongoing, albeit slowed potosynthesis, in the form of 
various complex molecules. Theses molecules like the raffinose family of oligo-
saccharides (RFO’s) have the additional benefit to help protecting various cell 
components, like membranes, DNA, proteins. Primarly they can act  as osmotic 
protectants but, additionally recent studies also report that galactinol and raffinose are 
able to directly scavenge reactive oxygen species like hydroxyl radicals (Nishizawa et 
al. 2008), this has also been reported in a study profiling various metabolites changes 
in Arabidopsis thaliana under cadmium stress (Sun et al. 2009). 
4.4.3. The role of molecular chaperones
Abiotic stress factors like heat or drought, as well as heavy metals and the ever-
entailing reactive oxygen species may alter protein function and even cause a protein 
dysfunction due to structural modifications. (Timperio et al. 2008, Sandalio et  al. 
2012). In plants exposed to heavy metals various studies have found the 
overexpression of different  heat shock proteins (HSP), i.e. HSP60 and HSP70 but also 
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protein disulfide-isomerases, both involved in protein folding. During heavy metal 
exposure their role is to prevent oxidative damage and irreversible unfolding of 
protein induced by ROS (Timperio et al. 2008).
4.5. Discussion on combined stress treatments
The last experimental chapter (chapter 4), discussed the impact of a combined 
treatment. Additionally  to the cadmium exposure plants were treated with a chilling 
stress which was initiated after 28 days of treatment and was carried on for the 
remaining 28 days of treatment. This chapter proved to be very insightful: first this 
experiment could show that  one must be very  careful when trying to extrapolate data 
from a carefully  planned experimental setup. Indeed, if only relying on the 
experimental data from chapter I to III, one would attribute to poplar plants a 
relatively high tolerance to cadmium. This is certainly the case when plants are grown 
in controlled conditions concerning temperature, humidity and light, such as where 
done in the first  three sets of experiments. In these experiments the plants efforts are 
concentrated to cope with the cadmium toxicity, and these efforts prove to be 
sufficient for a survival for almost two months of cadmium exposure. In more 
realistic growing conditions, one cannot expect the vitality of the plant to remain 
intact for such a long period of time. This hypothesis is also comforted by looking 
simply  at the number of differential regulated proteins in the various combination of 
treatments. Indeed when faced only  with the non-lethal chilling stress, plants show 
some first signs of chlorosis, but most observed protein changes concerned an up-
regulation. These proteins belong to various metabolic pathways, but  concern mostly 
cold-coping mechanisms like protein folding, cold stress response proteins, 
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regulation, phospholipid metabolism, carbohydrate metabolism (starch and sucrose 
metabolism, glycolysis, pentose phosphate pathway), oxidative stress response, 
storage, ATP synthesis and RNA metabolism. It seems that plants need to divert a 
significant amount of their energy to cope with the chilling stress. In concordance 
with the observed chlorosis, down-regulated proteins in chilling stressed plants 
concern photosynthesis and carbon metabolism. Per se, the chilling stress is not 
lethal, but marks a change in the physiology to prepare the plant for the cold season. 
When now faced with the additional cadmium stress, which concomitantly also 
enhances oxidative stress and targets a different component of photosynthesis and 
carbohydrate metabolism, plants are overwhelmed and are not capable to cope with 
any of the two stresses and plant suffer a decline in vitality  and showing signs of an 
accelerated senescence in older leaves stages. Both signs of the last phase of an 
eustress, leading eventually to death (Lichtenthaler 1996).
4.6. A proposed model to summarize the effects of cadmium on plant 
cells
This final part of the discussion will try  to describe the experimental findings in a 
cellular model, taking into account the most important proteomic findings and adding 
when possible biochemical findings. The comprehensive figure has also been 
presented at  international conferences (COST ACTION 859: Genes and proteins 
involved in steps of phytoextraction and degradation of pollutants; 5-6th June 2008; 
Verona, Italy  and ProteomLux 2008: International Conference on Proteomics in 
Plants, Microorganisms and Environment, 22-25th october 2008; Kirchberg, 
Luxembourg ). 
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Figure 5.1 Comprehensive model of cellular proteomic changes leading to an alternated physiological 
state after cadmium exposure. Green arrows indicate down-regulated proteins, red arrows indicate up-
regulated proteins.
Upon entry of cadmium in a plant cell, cadmium will interact with many cell 
components in a deleterious fashion: among first targets are the ROS detoxifying 
mechanism (Cu/ZnSOD, thioredoxin peroxidase) as well as a key enzyme in 
ascorbate antioxidant production (GDP-mannose epimerase). These negative effects 
will add them to other more general effects of cadmium. It has been shown that heavy 
metals and especially cadmium can deplete the available glutathione (GSH) pool by 
binding directly cadmium or by using GSH in phytochelatin production. (De Vos et al. 
1992, Liang Zhu et al. 1999). As GSH is necessary to reduce dehydroascorbate back 
to ascorbate, this will further enhance the strain on the antioxidant system. The plants 
effort trying to counteract this effect can be witnessed in an upregulation of key 
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proteins involved in cysteine and glutamate synthesis, both of them are components of 
glutathione synthesis. Additionally, once cadmium enters chloroplasts or 
mitochondria (when chelation processes in cyotsol, vacuole and cell wall is not 
sufficient anymore) it may negatively interact with components from the electron 
transfer chains, and this will further enhance ROS production. These changes will 
with greatest probability  tip the fragile redox balance in favour of an enhanced 
reactive oxygen species production. This imbalance in the redox status within the cell, 
and evidence in the proteomic results , as well as different molecular studies presented 
earlier in the text (Chapter 4.4 Coping with cadmium stress, the role of the antioxidant 
system) indicate that this imbalance will function as a molecular signal to induce 
general stress responses similar to other biotic and abiotic stresses: Heat shock 
proteins and other chaperonins are induced, several pathogenesis-related proteins are 
strongly upregulated.
Concerning photosynthesis,  all evidences point to a general decrease of activity, even 
if no clear and direct negative impact (see chlorophyll fluorescence or pigment 
content) could be evidenced. The isolation of chloroplasts could decrease the 
complexity of studied samples, thereby increasing the sensitivity  of proteomic 
techniques. The proteins of isolated chloroplasts can furthermore be fractionated into 
membrane and soluble extracts, and different adapted techniques could be used to 
confirm earlier variations and gain even more insight into in those proteins 
Finally plants seemed to countermeasure the loss of net carbohydrate outcome, by 




5.  Conclusion 
In the course of this work it was attempted, by using using a global proteomics 
approach, to shed light on the responses of hydroponically  grown poplar plants to a 
cadmium stress exposure and, in result, find new clues on the responses of plants to a 
heavy  metal stress in general. During this work it was shown that in response to 
cadmium exposure, a large number of proteins showed a permanent differential 
regulation. It can therefore be hypothesized that this regulation mirrors an altered 
physiological state of the plants in response to the cadmium exposure. An important 
number of enzymes from photosynthetic pathways decreased in abundance. The 
following reduced photosynthetic activity, would necessitate a reduced energy 
expense. This could be achieved by a inhibition of development of new tissue, 
witnessed by the complete growth inhibition, even before visual stress symptoms 
(like necroses) occurred. This hypothesis is further comforted by the up-regulation of 
several carbohydrates pathways remobilizing carbon from other energy sources. 
Plants remained photosynthetically active until the end of the treatment, cadmium 
showed no impact  on chlorophyll pigments as well as chlorophyll fluorescence, 
additionally plants remained green with no signs of chlorosis. The aforementioned 
necrotic spots, appearing only  after several days of treatment, probably occurred 
because of a negative impact of cadmium on the oxidative stress responses proteins. 
This also explains the possible up-regulation of glutathione biosynthesis by the means 
of an increase in abundance of proteins from the glutamine and cysteine biosynthesis 
pathways. The negative impact of cadmium on the glutathione and the oxidative stress 
metabolism in general, was further confirmed by activity assays of several enzymes. 
Cadmium treatment had an inhibitory effect on glutathione reductase and ascorbate 
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peroxidase in leaves, but not in roots.  Whereas glutathione-S-transferase showed a 
higher activity (and abundance) in roots but not in leaves, again depleting the overall 
GSH pool. All the above mentioned physiological changes condition had an impact 
which weakened the plant to a certain extend. Plants remained fairly viable until the 
end of treatment, but only if no additional stress factor was added. Indeed, if the the 
experimental setup was changed by adding one supplementary environmental stress, 
in this case a chilling stress (4°C during 42 days , after an initial exposure to cadmium 
during 14 days) plants quickly showed severe stress symptoms. This final experiment 
was in a continuation of the previous findings, with a similar set of regulated proteins 
for cadmium stress. Interestingly a different set of proteins responding to chilling 
stress, could be evidenced, as well as a set of proteins responding simultaneously to 
both stresses. This again confirmed the hypothesis that the observed protein changes 
for cadmium exposure mirrored physiological changes, and were not only an acute 
stress response, thus underlining that the observed findings can be used as potential 
futur targets of heavy metal stress response mechanisms. The work presented in this 
document allowed a better understanding on many ongoing questions in heavy  metal 
stress responses and it furthermore raised many questions for future studies that could 
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